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ABSTRACT 
 
 
 
The work done in this thesis focuses on the design of a square-shaped 20-way 
metamaterial power divider which is fabricated in microstrip technology and operates 
at 1 GHz. The divider comprises 12 square-shaped left-handed unit cells and 13 
square-shaped right-handed unit cells, and these unit cells have the same size and are 
placed in a checker-board tessellation, where the left-handed unit cells are connected 
only to right-handed unit cells and vice versa. The divider is based upon the infinite 
wavelength phenomenon in two-dimensions, and this means that the insertion phase 
between any two ports of the left-handed unit cell is equal, but with opposite sign, to 
that of the right-handed unit cell. The divider gives an equal-amplitude equal-phase 
power division from the central input port to the output ports which are located on a 
straight line on each side. Thus, it is convenient to integrate with, or interconnect to, 
other planar circuits in a system, such as power amplifier modules. The design 
concept can be extended to an N-way power divider, where N = 4n and n is an odd 
integer.  
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Chapter 1 
INTRODUCTION 
 
 
 
1.1 MICROWAVE POWER DIVIDER/COMBINER  
 
 
Power dividers/combiners have been used widely in microwave applications. For 
example, they have been used in antenna-array feeding networks and solid-state 
power amplifier combiner networks. In recent years, it is desirable in developing 
power combining techniques for solid-state power generation to achieve high output 
power with low loss, high combining efficiency and wide bandwidth. Various 
microwave power combining techniques have been summarised in the literature [1].  
Power combining can be separated into two general levels: the device level and the 
circuit level [1]. Device level combining techniques place devices in a small area 
compared to a wavelength, so it is limited in the number of devices. Circuit level 
combining techniques, on the other hand, are not limited to clustering devices in a 
small region compared to a wavelength. In this thesis, we are more interested in 
circuit level combining technique, such as a parallel combined power amplifier. In 
general, a parallel combined power amplifier consists of a power divider network, N 
amplifiers and a power combiner network. Since the power divider and combiner 
networks are usually identical, the same network can be used as either a power divider 
or a power combiner, and therefore it will be referred to as a divider/combiner 
network. 
There are many different methods for combining techniques. At the circuit level, 
combining approaches can be classified into two categories: one is that the outputs of 
all devices are combined in a single step, and one is that power is combined in several 
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steps [1]. The former are also called N-way combiners, and can be divided into 
resonant and nonresonant cavity combiners. The latter can be separated into chain (or 
serial) and tree (or corporate) combining structures. The Figure 1.1 shows many 
different methods for combining. 
       
 
 
Rectangular 
waveguide 
Resonant 
cavity 
Combiners 
Combining Techniques
Circuit-level 
Combiners 
Device-level 
Combiners 
Single step 
(N-way) 
Combiners 
Several steps 
Combiners 
Resonant 
cavity 
Nonresonant 
Combiners
Cylindrical 
Resonant 
cavity 
Combiners 
Wilkinson 
Combiners 
Rucker 
Combiners 
Conical 
Combiners 
Chain 
Combiner
Tree 
Combiner
Radial line 
Combiners 
Fig. 1.1.  Different combining techniques.  
     
 
Each of these methods has its own advantages and disadvantages.  Chain or tree 
combiners have the advantage of wide bandwidth and isolation between devices [2], 
but have the disadvantage of using couplers and connecting sections which cause 
more losses and decrease the combining efficiency, especially for a large number of 
devices [3]. Resonant N-way combiners have high combining efficiency but narrow 
bandwidth. Nonresonant N-way combiners provide wide bandwidth, but have the 
disadvantage of isolation problems, which lead to undesired higher order modes. 
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1.2 LEFT-HANDED MATERIALS 
 
In recent times, a hot topic in microwave engineering is left-handed (LH) materials, 
also called metamaterials (MMs). Left-handed materials (LHMs) are artificial 
structures that exhibit specific electromagnetic properties which are not shown in 
natural materials. Novel applications and devices have been developed using these 
unique properties of left-handed materials, so Science magazine chose left-handed 
materials as one of the top ten scientific breakthroughs of 2003 [4].  
Conventional materials simultaneously have positive permittivity and permeability, 
and group and phase velocities both directed away from the source; hence the phase 
lags in the direction of the positive group velocity. In the late 1960s, Veselago first 
theoretically studied materials with simultaneous negative permittivity and 
permeability [5]. Veselago named these materials left-handed materials (LHMs) 
because electric field intensity vector E, magnetic field intensity vector H and 
wavevector k would form a left-handed triplet. Yet, E, H and the Poynting vector S 
maintain a right-handed relationship, thus left-handed materials exhibit a group 
velocity directed away from the source whilst the phase velocity is directed toward 
the source, hence the term backward waves. In other words, the phase leads in the 
direction of the positive group velocity. 
The first realisation of such materials was developed by Shelby et al. [6], using thin 
wire strips and Split Ring-Resonators (SRRs). However, these structures rely on 
resonances and are inherently narrowband and lossy, so they are difficult to 
implement for microwave applications. Structures using the transmission line (TL) 
approach have been developed that do not rely upon resonances [7] [8], and are 
amenable to microwave PCB technology [9]. These structures are based upon 
periodically loaded transmission lines with lumped elements, inductors and capacitors.  
 
1.2.1 TERMINOLOGY 
 
There are several terminologies found in the literature to describe metamaterials with 
simultaneous negative permittivity and permeability. The most frequently used terms 
are listed as follows [10] [11]: 
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• Left-handed (LH): This is the nomenclature named by Veselago, and it 
describes the most fundamental property of these materials.  
• Backward wave (BW): This terminology mentions the property of antiparallel 
phase/group velocities.  
• Negative-refractive-index (NRI): It shows a meaningful property for two 
dimensional (2D) and three dimensional (3D) structures, but it cannot describe 
one dimensional (1D) structures.  
• Double-negative (DNG): It comes from the fact that these materials have 
simultaneously negative permittivity and permeability.  
 
 
1.3 N-WAY MCIROWAVE POWER DIVIDER USING TWO-
DIMENSIONAL METAMATERIALS 
 
In this thesis, we propose a new structure of N-way power divider comprising 2D left-
handed and right-handed unit cells [12] [13]. To achieve equal magnitude and phase 
for voltages at all the output ports, left-handed unit cells are connected only to right-
handed unit cells, and vice versa. This structure is square-shaped and is easily 
integrated with amplifiers. In addition, this structure represents the infinite 
wavelength phenomenon in two-dimensions and could replace a circular radial power 
divider. To validate design methods and fabrication techniques, a 20-way power 
divider was constructed and measured.  
 
 
 
1.4 OUTLINE OF THESIS 
 
The thesis is organized as follows. In Chapter 2, a background is given to N-way 
power dividers in parallel combined power amplifiers, and the transmission line 
approach to left-handed materials. In Chapter 3, we reveal in detail the structure and 
principle of the 20-way power divider proposed in this thesis, and then discuss the 
equivalent 1D model of the 2D unit cell, and finally give the design overview. In 
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Chapter 4, we give the design details of 1D left-handed unit cell, and then we show 
the simulation and measurement results. In Chapter 5, we design and fabricate the 20-
way power divider, and then simulation and test results are presented. In Chapter 6, 
we conclude with the core results of this thesis and indicate possible future research. 
Throughout this thesis, AWR Microwave Office was used to simulate all the circuits.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Chapter 2 
BACKGROUND 
 
 
 
In this chapter, we review the background materials related to this thesis. In section 
2.1, we give general descriptions of several different N-way power dividers in a 
parallel combined power amplifier. In section 2.2, we describe the transmission line 
theory of left-handed transmission line and present the practical 1D and 2D unit cells 
for left-handed material.  
 
 
2.1 N-WAY POWER DIVIDER 
 
2.1.1 DIFFERENT TYPES OF N-WAY POWER DIVIDER 
 
The N-way power divider is used extensively in microwave applications, where it is 
used to divide and combine microwave power. Microstrip line technology is used 
widely in N-way power dividers, because it is cheap and easy to fabricate, and can be 
integrated with amplifier modules. There are several useful microstrip line N-way 
power dividers: radial power dividers [3] [14], fork power dividers [15], sector-
shaped power dividers [16] [17] and tapered line power dividers [18] [19]. The 
examples of these power dividers are shown in Figure 2.1.  
The radial power divider shown in Figure 2.1 (a) is well known for its ability to 
achieve an N-way power split, especially for larger N, and it presents low loss and 
excellent balance performance of amplitude and phase [3]. Radial power dividers 
consist of two sections: the launcher and the radial line. The launcher section is a 
coaxial line which feeds a radial line in the centre. The radial line is a circular, low 
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loss parallel-plate transmission line, and it is used to split the signal into output ports 
which are located around the side of radial line.  
 
Input port
                         λ/4, Z0
Isolation 
resistor 
(a)                                                                                        (b) 
                   
          (c)                                                                                        (d) 
Fig. 2.1 Several different types of N-way power divider. 
(a) Radial power divider. (b) Fork power divider. 
(c) Sector-shaped power divider. (d) Tapered line power divier [19]. 
 
    The fork power divider shown in Figure 2.1 (b) exhibits low loss, a good 
performance of isolation between output ports and a broad bandwidth [15]. As shown 
in Figure 2.1 (b), the splitter part consists of N transmission lines, which have 
characteristic impedance Z0 and quarter wavelength length at the centre frequency, 
and N-1 isolation resistors between adjacent output ports. The sector-shaped power 
divider shown in Figure 2.1 (c) uses a sectorial transmission line to divide signal into 
N output ports which are located with evenly space on a sectorial side, and it has a 
good amplitude balance performance and a wide bandwidth [16]. The tapered 
microstrip line power divider presents a good balance performance of amplitude and 
phase and a wide bandwidth [18]. In Figure 2.1 (d), it is a special tapered microstrip 
line power divider [19], and its output ports are located on a straight line, and the 
holes in the structure are used to equalise the transmission path lengths from the input 
port to the output ports [19]. The three power dividers, which are fork, sector-shaped 
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and tapered line power dividers, are all completely planar structure because they do 
not need a vertical (or probe) coaxial line feed port which is used in the radial power 
divider. In general, N-way power divider need good isolation over the bandwidth, and 
isolation resistors located between adjacent output ports can be used to improve the 
isolation performance [3] [16]. 
 
2.1.2 THE PARALLEL COMBINED POWER AMPLIFIER 
 
The N-way power divider is often used in a parallel combined power amplifier as 
shown in Figure 2.2. In a parallel combined power amplifier, an N-way power divider 
is used at the input ports of N power amplifiers, and another N-way power combiner is 
used at the output ports of N amplifiers to achieve the high output power. The N-way 
power divider and combiner are identical in their structure, but with the opposite roles 
of their input and output ports. To achieve the maximum combining efficiency when 
the power divider/combiner is symmetrical, the combined signals from the amplifiers 
should have equal magnitude and phase [21]. 
 
N-way 
power 
divider  
N-way 
power 
combiner  
amplifiers 
1
2
N
1
2
N
 
Fig. 2.2. A model for a parallel combined power amplifier [20]. 
 
 
    As shown in Figure 2.1 (a) (b) (c), the in-phase output ports of radial, fork and 
sector-shaped power dividers are located on an arc or circle. In a parallel combined 
power amplifier, it is necessary to have equal length interconnecting transmission 
lines between the amplifier modules and the power divider and combiner to ensure 
correct phasing. Figure 2.3 shows a parallel combined power amplifier using fork 
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power divider and combiner [22]. It can be seen that the equal length interconnecting 
transmission lines are non-identically curved. When a radial power divider and 
combiner are used in a parallel combined power amplifier, the interconnecting 
transmission lines are uniform, but the amplifier modules are mounted on a cylinder 
[23] as shown in Figure 2.4. In this case, each amplifier is fabricated on a separate 
printed circuit board (PCB). 
 
 
Equal length but non-
identically curved 
interconnecting 
transmission lines 
Fork power 
divider 
Fork power 
combiner 
Amplifiers 
Fig. 2.3. Fork power divider/combiner used in a parallel combined power amplifier. 
 
Output port 
Radial power divider 
Radial power combiner
Amplifier  
Fig. 2.4. Radial power divider/combiner used in a parallel combined power amplifier. 
 
 
In a parallel combined power amplifier, it is desirable that the output ports of power 
divider are located on a straight line, so that it is easier to interconnect or integrate 
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with amplifier modules. As shown in Figure 2.1 (d), the tapered line power divi
the type in reference [19] has the output ports on a straight line; therefor
der of 
e, the 
Fig. 2.6. Square sha ed power amplifier. 
interconnecting lines between the amplifiers and the power divider and combiner are 
identical as shown in Figure 2.5. Another novel power divider is a square-shaped 
power divider [12], which has four groups of output ports. In each group, the output 
ports are located on a straight line. Therefore, amplifier modules can be integrated on 
four PCBs, which allow them to conveniently interconnect to the power divider and 
combiner as shown in Figure 2.6, compared to the radial power divider shown in 
Figure 2.4. In this thesis, a novel square-shaped power divider will be designed, 
fabricated and tested, and more detail will be presented in the following chapters. 
 
 
Fig. 2.5. Tapered line power divider/combiner used in a parallel combined power amplifier. 
 
 
 
ped power divider/combiner used in a parallel combin
 
Output port 
Square shaped 20-way 
power divider 
Square shaped 20-way 
power combiner 
PCB with 5 amplifier 
modules
Tapered microstripline 
power divider 
Tapered microstripline 
power combiner 
Amplifiers 
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2.1.3 REQU
 
 performance, some main 
quirements need to be fulfilled [3] [21] [22].  
n from the input port to the output 
2. 
ing device. Therefore, there will be no power return loss due to 
3. 
e power combining structure and 
 
 
dielectrics [7]. The per-unit-length 
ductance and capacitance can describe the permeability and permittivity, 
   
IREMENTS FOR N-WAY POWER DIVIDER 
When an N-way power divider is designed to achieve a good
re
1. One requirement is that the N-way power divider needs to give an equal-
amplitude equal-phase power divisio
ports. 
The input port of the N-way power divider needs to be matched to the signal 
launch
impedance mismatch at the input port. 
Between the input port and the output ports, the N-way power divider needs 
to have minimal insertion losses. 
4. The output ports of the N-way power divider need to be matched to the 
terminations, such as amplifier modules.  
5. The N-way power divider needs good output port isolation to obtain 
graceful degradation when it is used as th
some amplifier devices fail. The output port isolation is important to the N-
way power divider, and it is a requirement for high combining efficiency.   
2.2 LEFT-HANDED TRANSMISSION LINE 
2.2.1 DISTRIBUTED NETWORK APPROACH 
 
Distributed L-C networks can be used to model 
in
respectively [7]. Figure 2.7 shows the unit cell of a 2D distributed L-C network, and 
we can obtain dielectric properties derived from distributed series impedances and 
shunt admittances in the L-C network. 
The effective dielectric parameters can be expressed as [7] 
 
                                               s s
Zj Z
j
ωμ μ ω= ⇒ =                                              (2.1) 
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g. 2.7. The unit cell of a 2D distributed L-C networ
 
Fi k. 
                                                s s
Yj Y
j
ωε ε ω= ⇒ = .                                             (2.2) 
 
If we consider a 2D distributed low-pass topology 
per unit length, L, and shunt distributed capacitance per unit length, C, then 
with series distributed inductance 
Z j Lω=  
and Y j Cω= , hence 
 
s Lμ = ,                                                       (2.3) 
 
s Cε = .                                                       (2.4) 
 
As L and C are positive, then μs and εs are po
L-C topology can model a conventional dielectric with positive valued μs and εs. The
sitive. Hence a 2D distributed low-pass 
 
propagation constant can be written as 
 
                                           s sZY LCβ ω ω μ ε= .                                    (2.5) 
 
locities are given by 
 
= − =
And the phase and group ve
                                     1vφ LC
ω
β ,                                                (2.6) = =
 
1 1
gv LCβ
ω
= =∂
∂
.                                             (2.7) 
 
Z/2 
Z/2 
Z/2 
Z/2 
i +dix x
Y
vy+dvy
vy
vy
vy+dvy
iz
ix
iz+diz
y
z
x
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This shows that the phase and group velocities are equal and
According to equation (2.5), the propagation constant, β, is positive; hence the phase 
lags in the direction of the positive group velocity in a right-handed material (RHM). 
 both positive and parallel. 
Furthermore, the characteristic impedance of the network is equal to the equivalent 
wave impedance and can be expressed as  
 
                                                 0 s
s
LZ
C
μη ε= = =  .                                              (2.8) 
 
we now consider a 2D distributed high-pass L-C topology so that 1Z j Cω ′=      If 
and 1Y j Lω ′= , then  
 
                                      2
1
s C
μ ω= − ′ ,                                                  (2.9) 
 
                                       2
1
s L
ε ω= − ′ ,                                                (2.10) 
 
Since L′  and re positive, a 2D distributed high-pass L-C network can model a 
material wit e correspo
expressed as 
C′ a
h negative μ  and ε . Th nding propagation constant can be  s s
 
1ZY
L C
β ω= − − = − ′ ′ ,                                       (2.11) 
 
hich shows that it is inversely proportional to the frequency. Furthermore, the phase 
and group velocities can be yielded as  
 
w
2v L Cφ
ω ωβ ′ ′= = − ,                                              (2.12) 
 
1
2
gv L
β ωω
−∂⎛ ⎞ C′ ′= = +⎜ ⎟∂⎝ ⎠ .                                     (2.13) 
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The negative root in equation (2.11) is chosen to ensure that the group velocity is 
positive. This shows that the phase and group velocities are antiparallel, and 
according to equation (2.11), the propagation constant is negative; thus the phase 
leads in the direction of the positive group velocity in a left-handed material, known 
as backward wave. In addition, the characteristic impedance of the network is also 
equal to the equivalent wave impedance, and is given by 
 
0
s
s
LZ
C
μη ε
′= = =′ .                                          (2.14) 
 
 
2.2.2 PERIODIC L-C LOADED TRANSMISSION-LINE NETWORK APPROACH 
s discussed previously, the distributed L-C network in a high-pass configuration can 
 
egative, and can provide a backward wave performance. However, in practical 
 
A
be considered as a left-handed material, where permittivity and permeability are all
n
realisation, the distributed L-C network must be implemented as a periodic network 
with nonvanishing physical dimensions [7]. The dimensions of a unit cell must be 
much smaller than one guide wavelength, so that it can be satisfied the homogeneity 
condition; therefore, this periodic structure can be considered distributed [10]. The 
practical 2D structure can be realised as a 2D host transmission lines network 
periodically loaded with lumped reactive elements [7] [24] as shown in Figure 2.8. 
The host transmission line has a characteristic impedance Z0 and a propagation 
constant k, and provides the unit cell dimension d, so that it presents a total phase shift 
kdθ = along both directions. Furthermore, the host transmission lines load with 
discrete element components, series capacitors, 2C  and a shunt inductor, L0 0.  
The practical 1D periodic left-handed material structure [9] [25] [26] is depicted in 
2.9. It can be used in the applications such as compact zero-degree phase 
shifters [9] and 1D power dividers [25] [26], and these applications are all b
Figure 
ased on 
the 1D infinite wavelength phenomenon. 
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2C0
 
Fig. 2.8. Practical 2D unit cell for left-handed material. 
 
 
. 
 
 
 
 
Fig. 2.9. Practical 1D unit cell for left-handed material
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Chapter 3 
20-WAY POWER DIVIDER USING METAMATERIAL 
 
 
 
In this chapter, we describe in detail the square shaped 20-way power divider. In 
section 3.1, we present the important principles and structure of this power divider, 
and following we discuss the equivalent 1D model of the 2D unit cell in section 3.2. 
Finally, in section 3.3, we describe the design overview. 
 
3.1 STRUCTURE AND PRINCIPLE 
 
3.1.1 THE STRUCTURE OF THE TESSELLATED METAMATERIAL 
 
As discussed in above chapter, the square shaped power divider has the output ports 
which are located on four straight lines, so that it is easier to integrate with or 
interconnect to power amplifiers in a parallel combined power amplifier. Figure 3.1 
depicts a 5 by 5 version of the 2D structure which is the main part of the square 
shaped 20-way power divider [12]. This structure exhibits an infinite wavelength 
phenomenon in two-dimensions [13]. As shown in Figure 3.1, L and R are considered 
as square left-handed and right-handed unit cells, respectively. There are 12 left-
handed unit cells and 13 right-handed unit cells which are placed in a checker-board 
tessellation. This structure is also called as the tessellated metamaterial (TMM). In the 
structure, right-handed unit cells are connected only to left-handed unit cells, and left-
handed cells are connected only to right-handed cells. Port 0 is the input port, and it is 
connected to the central right-handed unit cell in the central point. Ports 1 to 20 are 
the peripheral output ports, which are located on a square shaped. Due to symmetry,  
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the couplings from port 0 to ports 1 to 20 can be separated into three groups: 
 
1,0 5,0 6,0 10,0 11,0 15,0 16,0 20,S S S S S S S S 0= = = = = = = ,                      (3.1) 
 
2,0 4,0 7,0 9,0 12,0 14,0 17,0 19,0S S S S S S S S= = = = = = = ,                      (3.2) 
 
3,0 8,0 13,0 18,0S S S S= = = .                                           (3.3) 
 
R L R R
R R
R R
R R
R R R
L
LL L
L L
L L L
L L
R 
0
1 2 3 4 5
6
7
8
9
10
1112131415 
16 
17 
18 
19 
20 
 
Fig. 3.1. 5 by 5 tessellated metamaterial (TMM) structure. 
 
 
3.1.2 PRINCIPLE OF OPERATION BASED ON IDEAL TRANSMISSION LINES 
 
If we use ideal transmission lines to realise the TMM structure, both left-handed and 
right-handed unit cells are comprised of four transmission lines which form a 4 port 
unit cell as shown in Figure 3.2. The 5th port is only in the central right-handed unit 
cell and is connected to the central point. All transmission lines have the same 
characteristic impedance Z0, and, at the centre frequency, the insertion phase is φ in a 
left-handed unit cell and is -φ in a right-handed unit cell, where φ is a positive phase 
angle. Therefore, the insertion phase between any two ports 1 to 4 is 2φ in a left-
handed unit cell, and is -2φ in a right-handed unit cell. Moreover, in the central right-
handed unit cell, the insertion phase between port 5 and any port 1 to 4 is -φ. 
 
 
 
 
3.1 STRUCTURE AND PRINCIPLE                                                                                                     19  
Z0, φ/-φ 
Z0, φ/-φ 
Z0, φ/-φ 
Z0, φ/-φ 
1
2
3
5
4
L/R
 
Fig. 3.2. 2D ideal left-handed or right-handed transmission line unit cell in TMM structure. 
 
All unit cells have the same Bloch impedance Z0, and they are matched to each 
other in the TMM structure. The output ports 1 to 20 in the TMM structure are 
matched to a termination with impedance which is equal to the Bloch impedance of 
the unit cell, Z0. At the centre frequency, we can yield that the insertion phase 
between the input port 0 to an output port 1 to 20 is -φ for ports of 1, 3, 5, 6, 8, 10, 11, 
13, 15, 16, 18, 20, and is φ for ports of 2, 4, 7, 9, 12, 14, 17, 19 [13]. This means that 
the phase angles of the couplings between the input and output ports are two 
alternating values which differ by 2φ. Furthermore, power is identically divided to all 
peripheral ports, and the input impedance of the input port 0 is 0 20Z , where Z0 is the 
Bloch impedance of the unit cell [13]. We can also see that the voltages at the central 
point of each unit cell have the equal magnitude and phase [13]. These concepts can 
be extended to an N-way TMM structure, where 4N n=  and n is an odd integer, and 
the input impedance of the input port 0 will be 0Z N  and the coupling between the 
input and output ports will be 1 2 N  [13]. 
 
 
3.1.3 REALISATION USING REAL COMPONENTS 
 
We use an example to demonstrate the behaviour of the TMM structure, which are 
operating at 1 GHz [13]. The right-handed unit cell shown in Figure 3.3 (b) consists 
of four conventional transmission lines with characteristic impedance, 100 Ω, and the 
length, 4.7 mm, and at 1 GHz the insertion phase of -5.65°. The structure of left-
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handed unit cell is depicted in Figure 3.3 (a). To ensure φ = 5.65° for the left-handed 
unit cell, we choose L  = 43.7 nH, C0 0 = 4.37 pF and the four conventional 
transmission lines with characteristic impedance of 100 Ω, and the length of 4 mm, 
and at 1 GHz the insertion phase of -4.8°. The conventional transmission lines are all 
filled air dielectric. 
 
2C0
L0 = 43.7 nH 
2C0
2C0
2C0
100 Ω, 4 mm
100 Ω, 4 mm 
2C0 = 8.74 pF 
100 Ω, 4.7 mm
100 Ω, 4.7 mm 
         
                                             (a)                                                                         (b) 
Fig. 3.3. The structure of 2D unit cell: (a) left-handed unit cell, and (b) right-handed unit cell.  
 
Before proceeding it is instructive to consider the 1D equivalent circuits and their 
simulated S-parameter results as shown in Figure 3.4 and Figure 3.5. The values of 
the components are the same as those in the 2D unit cells of Figure 3.3. More detail 
about the equivalent 1D unit cells will be discussed in section 3.2. In Figure 3.4 (b), 
the simulated S11 magnitude and S21 phase are shown and the simulated S21 magnitude 
is not shown because it is almost equal to 0 dB over the range from 0.6 GHz to 1.4 
GHz. In Figure 3.5 (b), the simulated S21 phase is only displayed, due to the simulated 
S11 magnitude is below -100 dB and the simulated S21 magnitude is nearly 0 dB. The 
simulation results show that the insertion phases of the 1D left-handed and right-
handed unit cells are equal but with opposite sign at 1 GHz, and they are 11.3° (2φ) 
and -11.3° (-2φ), respectively.  
 
 
3.1.3.1 THE INFINITE WAVELENGTH PHENOMENON IN TWO-DIMENSIONS 
 
Figure 3.6 shows the branch circuit which connects two central nodes of two adjacent 
unit cells in the TMM structure, where one is left-handed unit cell and another one is  
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                                     (a)                                                                             (b) 
Fig. 3.4. The equivalent 1D left-handed unit cell: (a) topology, and (b) the simulated S-parameters.  
 
 
                                    (a)                                                                              (b) 
Fig. 3.5. The equivalent 1D right-handed unit cell: (a) topology, and (b) the simulated S-parameters.  
 
ri  
branch circuit. We can see that, at 1 GHz,  and D are equal to one, and B and C are 
ght-handed unit cell. Figure 3.7 shows the simulated ABCD parameters of this
A
equal to zero. This means that the branch circuit essentially behaves as a short circuit 
connecting the two adjacent central nodes at 1 GHz. 
This result can also be obtained using the equivalent series inductances of two 
transmission lines. We have the equations 
 
LCβ ω=                                                        (3.4) 
 
0
LZ
C
= ,                                                          (3.5) 
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Fig. 3.6. The branch circuit connecting two central nodes of two adjacent unit cells. 
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Fig. 3.7. The simulated ABCD parameters of the branch circuit. 
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where β is the propagation constant, Z0 is the characteristic impedance of the 
transmission line, and L (H/m) and C (F/m) are the equivalent series distributed 
inductance and shunt distributed capacitance of the transmission line, respectively. 
Then the equivalent series inductor can be yielded as  
 
0
s
ZL Ld dβω= = ,                                                 (3.6) 
 
where d is the length of the transmission line. Using equation (3.6), the equivalent 
series inductor of the transmission line, Ls, is equal to 1.33 nH for the left-handed cell, 
and is 1.57 nH for the right-handed cell. Figure 3.8 shows the branch circuit using the 
equivalent series inductors of two transmission lines. The resonant frequency of this 
branch circuit is calculated as 1 2f LCπ=  = 1 GHz. This also means that the 
branch circuit can be considered a it at 1 GHz.  
 
s a short circu
Fig. 3.8. The branch circui nces of transmission lines. 
As a result, when a plane wave propagates on the TMM structure, all central nodes 
of
ariation of the voltage across the TMM structure at 1 
GH
displays an infinite wavelength phenomenon in two-dimensions.  
2C0 L LsL
 
t using the equivalent series inducta
sR
L R
8.74 pF
1.33 nH 1.57 nH
 
 the unit cells will have the same voltage; thus, the TMM structure exhibits an 
infinite wavelength phenomenon in two-dimensions. The 17 by 17 TMM structure is 
simulated to show the spatial variation of voltages. The generator is connected at the 
central node of the central right-handed unit cell of the TMM structure, and the 
peripheral ports are terminated with 100 Ω, and voltage probes are inserted at the 
central nodes of each unit cell.  
Figure 3.9 shows the spatial v
z. The step of contour in Figure 3.9 (b) is 0.2°. It is found that the voltage 
magnitude across the TMM structure varies 0.2 dB and the phase varies 2°. Therefore, 
the voltage across the TMM structure is almost constant, and the TMM structure 
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For c
cells is  The step of 
co
omparison, a 17 by 17 mosaic structure comprised of only right-handed unit 
 simulated, and the simulation results are shown in Figure 3.10.
ntour in Figure 3.10 (a) is 2 dB, and the step of contour in Figure 3.10 (b) is 10°. 
The voltage magnitude across the structure varies 13.5 dB and the phase varies 207.6°. 
It is clear that the voltage across the structure varies significantly and this 
phenomenon is similar to cylindrical waves.  
 
 
(a)                                                                   (b) 
Fig. 3.9. Voltage across the 17 by 17 TMM structure at 1 GHz: (a) magnitude with range 0.  2
dB, and (b) phase with contours in steps of 0.2°. 
 
 
(a)                                                                   (b) 
Fig. 3.10. Voltage across the 17 by 17 mosaic structure comprised of only right-handed unit 
cells at 1 GHz: (a) ma hase with contours i  
steps of 10°. 
gnitude with contours in steps of 2 dB, and (b) p n
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3.1.3.2 THE SIMULATION OF THE 5 BY 5 TMM STRUCTURE 
 
We now consider the simulations of the 5 by 5 TMM structure as shown in Figure 3.1, 
and the 5 by 5 mosaic structure comprised of only right-handed unit cells for 
comparison. Figure 3.11 shows the simulated frequency responses of S-parameters of 
prised of only right-handed unit cells which are the same as the 
right-handed unit cell in the TMM structur
obtained
 
the 5 by 5 TMM structure. The reference impedance of S-parameter is 5 Ω at input 
port 0, and 100 Ω at output ports 1 to 20. The simulation results show that the TMM 
structure works as expected at 1 GHz: it divides power equally to 20 output ports, 
where the coupling magnitude between the input and output ports is -13.1 dB which is 
favourable compared to the theoretical value of -13 dB, and the coupling phases differ 
by 0° or 11.3°, which is consistent with the simulation results of the 1D models shown 
in Figure 3.4 and Figure 3.5. The coupling magnitudes across the range from 0.8 GHz 
to 1.2 GHz are almost same and flat, and the corresponding coupling phases differ 
less than 16.3°. 
Figure 3.12 shows the simulated frequency responses of S-parameters of the 5 by 5 
mosaic structure com
e. The best match at input port was 
 when the reference impedance of input port became 5.7-j 6.4 Ω. The 
performance of this structure is similar to a parallel plate waveguide excited in the 
centre point as discussed above, so it can explains why the reference impedance of 
input port is complex [27]. The coupling magnitudes across the range from 0.8 GHz 
to 1.2 GHz are an equal value of -13 dB, and the difference of coupling phases is 18° 
at 1 GHz and less than 21.6° over this range. It is apparent that the TMM structure 
displays a better performance than the mosaic structure using only right-handed unit 
cells. 
    It is interesting to consider a 5 by 5 mosaic structure comprised of only right-
handed unit cells where the insertion phases of four transmission lines are -180° at 1 
GHz. Thus, the size of the right-handed unit cell is one wavelength at 1 GHz. The 
simulated frequency response is shown in Figure 3.13. It is observed that the excellent 
match is obtained at 1 GHz, but the bandwidth is very narrow and the size of the 
structure is very large, 5λ by 5λ. Although, the high dielectric constant substrate and 
meandering of transmission lines can be used, the structure will be larger than the 
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Fig. 3.11. S-parameters of 5 by 5 TMM structure. 
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Fig. 3.12. S-parameters of 5 by 5 mosaic structure comprised only right-handed unit cells. 
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TMM structure which is only 0.16λ by 0.16λ. 
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Fig. 3.13. S-parameters of 5 by 5 mosaic structure of 360° right-handed unit cells.  
 
 
 
DEL OF 2D UNIT CELL 
o design the 2D left-handed and right-handed unit cells, it is of interest to consider 
5 by 17 TMM 
ructure as being representative of a large TMM structure, as shown in Figure 3.14, 
wave propagates in the longitudinal direction; and the other is the 1D line model 
3.2 THE EQUIVALENT 1D MO
 
T
their equivalent 1D model for the TMM structure. We simulate a 2
st
where L and R denote the left-handed and right-handed unit cell, respectively. The 
plane wave propagates in the longitudinal direction as the arrows shown in Figure 
3.14, and the structure is terminated with loads in the longitudinal direction, but it is 
opened on the two sides of the transverse direction, where the unit cells located on the 
top and bottom sides remove the opened stubs. The lines of sources connected to the 
left edge of the TMM structure are properly phased so that a plane wave is launched 
into the TMM structure. There are two types of 1D model: one is shown in Figure 
3.15 [7], where the unit cells have two opened stubs in the transverse direction and the 
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withou
model 
 
 
 
Fig. 3.15. The 1D model with opened trans erse stubs [7], where the arrow shows the 
 
Fig. 3.16. The 1D line mode where the arrow shows the 
direction of th  plane wave.  
 
t the transverse stubs as shown in Figure 3.16. We will discuss which 1D 
is the best model for the TMM structure.  
1 
 
Fig. 3.14. The 25 by 17 TMM structure with the wave propagated in the longitudinal 
direction, where the arrows show the direction of the plane wave.  
 
v
direction of the plane wave.  
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3.2.1 2D RIGHT-HANDED STRUCTURES USING IDEAL TRANSMISSI
LINES 
 
ON 
cells and are similar to the Figure 3.14, Figure 3.15 and Figure 3.16. The right-handed 
choose 00 Ω and φ is 5.65° at 1 GHz. Figure 3.17 shows the currents and 
oltages in the central right-handed unit cell (No.9) of the 25 by 17 mosaic structure 
First, we consider the homogeneous structures which comprise only right-handed unit 
unit cell is based upon ideal transmission lines as shown in Figure 3.2, where we 
 Z  is 10
v
using only right-handed cells. Figure 3.18 and Figure 3.19 show the currents and 
voltages in the central right-handed unit cells (No.9) of the two different 1D models 
comprised of only right-handed cells, respectively. It can be seen that the currents and 
voltages in the central right-handed unit cell of the 1D model shown as Figure 3.15 
are consistent with those in the mosaic structure shown as Figure 3.14. This means 
that the 1D model with opened transverse stubs is a good equivalent model for the 2D 
mosaic homogeneous structure comprised of entire right-handed unit cells. Table 3.1 
and Table 3.2 summarise the currents and voltages in the central right-handed cells of 
these three structures at 1 GHz, respectively. Moreover, if we repeat the simulations 
using the left-handed unit cell to replace the right-handed unit cell, we can also obtain 
the similar results [7].  
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Fig. 3.17. Simulated currents and voltages of the central right-handed unit cell (No.9) in 
mosaic structure: (a) currents, and (b) three nodes (a, b, and c) voltages. 
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Simulated currents and voltages of the central right-handed unit cell (No.9) in the 
n as Fig. 3.15: (a) currents, and (b) three nodes (a, b, and c) voltages. 
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(a) (b) 
Fig. 3.19. Simulated currents and voltages of the central right-handed unit cell (No.9) in the 
1D model shown as Fig. 3.16: (a) currents, and (b) three nodes (a, b, and c) voltages. 
 
Longitudinal currents  
First arm Second arm 
Transverse 
currents 
Mosaic 
structure 5.16 mA 5.45 mA 0.36 mA 
1D model 
shown as Fig. 
3.15 
 
5 mA 
 
5.25 mA 
 
0.36 mA 
1D model 
shown as Fig. 
3.16 
 
4.47 mA 
 
4.47 mA 
 
/ 
 
3.1. The currents in the central right-handed cells of three different structures at 1 GHz. Table 
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Voltages 
a b c 
 
Magnitude Phase Magnitude Phase Magnitude Phase 
Mosaic 
ture 0.39 V 153.58° 0.38 V 146.36° 0.3  V 138.41° 7struc
1D mo
sh
del 
own as 
3.15 
0.38 V 
 
156.63° 0.37 V 
 
149.52° 0.35 V 
 
141.71° 
   
Fig. 
1D mo
sh
del 
own as 
Fig. 3.16 
0.45 V 
 
-174.8° 0.45 V 
 
179.6° 0.45 V 
 
173.9° 
   
 
Table 2. The voltages in the central right-hande ree different structures at 1 GHz. 
 
3.2.2 TRU E U EA NS N L
 
We n he m ase dea ission lines as shown in Figure 3.2 to 
desc eft-handed and right-handed unit cells in the TMM structure, where we 
also  is 100 Ω and φ is 5.65° at 1 GHz. Figure 3.20 shows the longitudinal 
and transverse currents of the right-handed (No.9) and left-handed (No.10) unit cells 
in the centre of the TMM structure shown in Figure 3.14. It is found that, at 1 GHz, in 
both nts 
are equal to 0.0002 mA, which are alm all compared to the 
longitudinal currents. Therefore, the transverse currents can be neglected, and this 
and not in the 
ansverse direction; thus, the transverse arms can be ignored. Figure 3.21 and Figure 
 3. d cells of th
 
TMM S CTUR SING ID L TRA MISSIO INES 
ow use t
ribe the l
odel b d upon i l transm
 choose Z0
 cells the longitudinal currents are equal to 4.47 mA and the transverse curre
ost zero and very sm
means that currents would only flow in the longitudinal direction 
tr
3.22 show the longitudinal and transverse currents of the right-handed (No.9) and left-
handed (No.10) unit cells of the 1D structures shown in Figure 3.15 and Figure 3.16, 
respectively. In the 1D model shown in Figure 3.15, at 1 GHz, in both cells the 
longitudinal currents are equal to 4.54 mA or 4.45 mA, and the transverse currents are 
equal to 0.44 mA, which over-estimate the transverse currents for the TMM structure. 
In the 1D model shown in Figure 3.16, the longitudinal currents are equal to 4.47 mA 
at 1 GHz in both cells, and the transverse currents are not present due to the absence 
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of the 
Therefo
shown 
 
 
 
transverse stubs. All the currents at 1 GHz are summarised in Table 3.3. 
re, according to the currents, the 1D line model without the transverse stubs 
in Figure 3.16 provides a good model for the TMM structure. 
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                                         (a)                                                                               (b) 
Fig. 3.20. Simulated longitudinal and transverse currents in the TMM structure of Fig. 3.14: 
(a) right-handed cell (No.9), and (b) left-handed cell (No.10). 
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Fig. 3.21. Simulated longitudinal and transverse currents in the 1D model with opened 
transverse stubs of Fig. 3.15: (a) right-handed ell (No.9), and (b) left-handed cell (No.10). 
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. 3.16:  
 
Longitu nal currents Transverse currents 
Fig. 3.22. Simulated currents in the 1D model without transverse stubs of Fig
(a) right-handed cell (No.9), and (b) left-handed cell (No.10). 
di
RH unit cell (No.9) LH unit cell (No.10) 
 
First arm Second arm First arm Second arm 
RH unit 
cell (No.9) 
LH unit cell 
(No.10) 
TMM 4.47 mA 4.47 mA 4.47 mA 4.47 mA 0.0002 mA 0.0002 mA 
1D model 
shown in 
Fig. 3.15 
 
4.54 mA 
 
4.45 mA 
 
4.45 mA 
 
4.54 mA 
 
0.44 mA 
 
0.44 mA 
1D model 
shown in 
Fig. 3.16 
 
4.47 mA 
 
4.47 mA 
 
4.47 mA 
 
4.47 mA 
 
/ 
 
/ 
 
Table 3.3. The currents of three different structures at 1 GHz. 
This conclusio es. Figure 3.23 
shows the three nodes (a, b and c) voltages 
and the three no  voltage d uni o  
TMM structu  in 4. .24 e w e 
no  b an tage entr and ell d  
nodes (c, b′ and a cell (No.10) for the two different 
1 . T ages z ar rised e 3. bl s 
clear that the voltages in both unit cells of the 1D model shown in Figure 3.16 are 
consistent wit lts o M s  Therefore, according to voltag e 
1 the transverse stubs can be considered as a good model for the 
TMM structure.  
 
n can also be established according to the voltag
of the central right-handed unit cell (No.9) 
des (c, b′ and a′) s of the left-hande t cell (N
 3.25 sho
.10) in the
the threre shown  Figure 3.1 Figure 3  and Figur
des (a, d c) vol s of the c al right-h ed unit c  (No.9) an  the three
′) voltages of the left-handed unit 
D models hese volt  at 1 GH e summa  in Tabl 4 and Ta e 3.5. It i
h the resu f the TM tructure. es, th
D line model without 
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                       (a)                                                                               (b) 
. 3.23. Simulated voltages in the TMM structure of Fig. 3.14: (a) right-handed cell (No.9) 
at three nodes (a, b, c), and (b) left-handed cell (No.10) at three nodes (c, b′, a′). 
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Fig. 3.24. Simulated voltages in the 1D mod l of Fig. 3.15: (a) right-handed cell (No.9) at 
, b′, a′). 
e
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                                        (a)                                                                              (b) 
Fig. 3.25. Simulated voltages in the 1D mod l of Fig. 3.16: (a) right-handed cell (No.9) at 
, b′, a′). 
 
e
three nodes (a, b, c), and (b) left-handed cell (No.10) at three nodes (c
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Voltages  
a b c 
Magnitude Phase Magnitude Phase Magnitude Phase 
TMM 0.45 V -84.33° 0.45 V -90° 0.45 V -95.66° 
1D 
model of 
Fig. 3.15 
 
0.44 V 
 
-89.89° 
 
0.45 V 
 
-95.65° 
 
0.45 V 
 
-101.3° 
1D 
model of 
Fig. 3.16 
 
0.45 V 
 
-84.35° 
 
0.45 V 
 
-90° 
 
0.45 V 
 
-95.65° 
 
Table 3.4. The voltages in the centr ght-handed cells (No.9) of three different structures al ri
at 1 GHz. 
 
Voltages   
c b′ a′ 
Magnitude Phase Magnitu Magnitude Phase de Phase 
TMM -9 -80.45 V 5.66° 0.45 V -90° 0.45 V 4.34° 
1D 
odel of m
Fig. 3. 5 
-9
 
0.45 V 
 
-101.3° 
 
0.45 V 
 
5.65° 
 
0.44 V 
 
-89.89° 
1
1D 
model of 
      
Fig. 3. 6 
0.45 V -95.65° 0.45 V -90° 0.45 V -84.35° 
1
 
Tabl he voltages in the left-handed cells (No.10) of three different structures at 1 GHz. 
3.2.3 TMM STRUCTURE USING REALISATION MODELS 
 
We now consider the simulations which are re ted using the realisations of the 2D 
left-handed and right-handed unit cells, whic
shown in Figure 3.3. We will refer to Figure 3.14, Figure 3.15 and Figure 3.16 in this 
secti  th left-  uni f F 14 a ure e the 
topology in Figure 3.3 (a) whilst the 1D left-handed unit cells of Figure 3.16 use the 
topology in Figure 3.4 (a).  
e 3.5. T
 
 
pea
h are discussed in the section 3.1 and are 
on noting at the handed t cells o igure 3. nd Fig 3.15 us
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Figure 3. s t itud d tr e cu  in t t-ha
(No.9) and left-handed (No.10) unit cells of the TMM structure. The transverse 
currents are 0.34 mA in the left-handed unit cell, and 0.1 mA in the right-handed unit 
cell, at 1 GHz. It is clear that, in both unit cells, the transverse currents are very small 
compared to the longitudinal currents. Figure 3.27 and Figure 3.28 show the 
longitu handed (No.10) 
unit cells of the two different 1D models, respectively. All currents in the right-
handed
are sum
are the 
TMM s
those o
also consider the voltages. Figure 3.29, Figure 3.30 and Figure 3.31 show the three 
no
26 show he long inal an ansvers rrents he righ nded 
dinal and transverse currents in the right-handed (No.9) and left-
 (No.9) and left-handed (No.10) unit cells of these three structures at 1 GHz 
marised in Table 3.6. We can see that, according to currents, although there 
differences between the results of the 1D model shown in Figure 3.15 and the 
tructure, the results of the 1D model shown in Figure 3.15 are much closer to 
f the TMM structure, compared to the 1D model shown in Figure 3.16. We 
des (a, b and c) voltages of the central right-handed unit cell (No.9) and the three 
nodes (c, b′ and a′) voltages of the left-handed unit cell (No.10) in the TMM structure 
and the two different 1D models, respectively. These voltages at 1 GHz are 
summarised in Table 3.7 and Table 3.8. It is clear that, in both unit cells, the voltages 
in the 1D model shown in Figure 3.15 are much closer to those in the TMM structure, 
compared to the 1D model shown in Figure 3.16. Therefore, the 1D model with 
opened transverse stubs seems to be a good model for the TMM structure.  
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                                           (a)                                                                               (b) 
Fig. 3.26. Simulated longitudinal and transverse currents in the TMM structure of Fig. 3.14: 
(a) right-handed cell (No.9), and (b) left-handed cell (No.10). 
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                                           (a)                                                                               (b) 
Fig. 3.27. Simulated longitudinal and transverse currents in the 1D model of Fig. 3.15: 
(a) right-handed cell (No.9), and (b) left-handed cell (No.10). 
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Fig. 3.28. Simulated currents in the 1D model of Fig. 3.16: (a) right-handed cell (No.9), and 
(b) left-handed cell (No.10). 
 
nsverse currents Longitudinal currents Tra 
RH unit cell (No.9) LH unit cell (No.10) 
First arm o.9) 
it cell 
(No.10) 
RH unit LH un
 Second arm First arm Second arm cell (N
TMM 4.62 mA 4.45 mA 4.01 mA 4.22 mA 0.1 mA 0.34 mA 
1D model 
shown in 
Fig. 3.15 
 
4.74 mA 
 
4.34 mA 
 
3.91 mA 
 
4.31 mA 
 
0.24 mA 
 
0.21 mA 
1D model 
shown in 
Fig. 3.16 
 
4.47 mA 
 
4.47 mA 
 
4.51 mA 
 
4.44 mA 
 
/ 
 
/ 
 
Table 3.6. The currents of thre  different structures at 1 GHz.  e
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Fig. 3. lated voltages in the TMM structure of Fig. 3.14: (a) right-handed cell (No.9) 
 (a,  c), and (b) left nded cell (N .10) at three n (c, b′, a′). 
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                                       (a)                                                                               (b) 
Fig. 3.30. Simulated voltages in the 1D model of Fig. 3.15: (a) right-handed cell (No.9) at 
three nodes (a, b, c), and (b) left-handed cell (No.10) at three nodes (c, b′, a′). 
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Fig. 3.31. Simulated voltages in the 1D model of Fig. 3.16: (a) right-handed cell (No.9) at 
three nodes (a, b, c), and (b) left-handed cell (No.10) at three nodes (c, b′, a′). 
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Voltages  
a b c 
Magnitude Phase Magnitude Phase Magnitude Phase 
TMM 0.22 V -139.2° 0.25 V -146.1° 0.29 V -151.1° 
1D 
model of 
Fig. 3.15 
 
0.21 V 
 
-140.3° 
 
0.25 V 
 
-147.3° 
 
0.28 V 
 
-152.3° 
1D 
model of 
Fig. 3.16 
 
0.45 V 
 
-82.63° 
 
0.45 V 
 
-88.24° 
 
0.44 V 
 
-93.91° 
 
Table 3.7. The voltages in the central right-handed cells (No.9) of three different structures 
at 1 GHz. 
 
Voltages   
c b′ a′ 
Magnitude Phase Magnitu Magnitude Phase de Phase 
TMM 0.29 V -151.1° 0.26 V -146.2° 0.23 V -139.8° 
1D 
m
Fi  
      
odel of 
g. 3.15
0.28 V -152.3° 0.25 V -147.4° 0.22 V -141° 
1D 
model of 
Fig. 3.16 
 
0.44 V 
 
-93.91° 
 
0.45 V 
 
-88.37° 
 
0.45 V 
 
-82.87° 
 
cells (NTabl he n th nded o.10) ffere ures at . 
3.2.4 TMM STRUCTURE USING TION MODELS WITH 4 PLANE 
WAVES 
 
We can see th clu  s 3 i ren  co ion in 
sectio , so d to ue to s w  mo  go el for 
the TMM structure. As discussed above, all the structures were simulated based upon 
a sin  w ich ates lon l dir  How  when 
the T cture is used in a power divider, such as the simulations in Figure 3.9 
e 3.8. T voltages i e left-ha of three di nt struct  1 GHz
 
 
REALISA
at the con sion in ection 3.2. s diffe t from the nclus
n 3.2.2  we nee  contin  discus hich 1D del is a od mod
gle plane
MM stru
ave wh  propag  in the gitudina ection. ever,
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and Figure 3.11, it involves four plane waves: one travels left, one travels right, one 
travels up a the ls d her e  a 17 T
structure with four plane waves as shown in Figure 3.32, where the arrows show the 
directions of
TMM structure. L and R denote the left-han ed and right-handed unit cell, 
respectively. For comparison, we also simulate the two different 1D models with two 
plane 
respectively. e realisation models of Figure 3.3 in simulations. For clarity, 
Figure 3.32, Figure 3.33 and Figure 3.34 do not explicitly show the details of the left-
handed
Figure 
 
Fig. 3.32. The 17 by 17 TMM structure with four plane waves, where the arrows show the 
directions of the plane waves. 
nd the o r trave own. T efore, w simulate 17 by MM 
 the plane waves. That is, a plane wave incidents on each boundary of the 
d
waves excited at both ends, as shown in Figure 3.33 and Figure 3.34, 
We use th
 unit cells. It is understood that the left-handed unit cells of Figure 3.32 and 
3.33 use the topology in Figure 3.3 (a) whilst the 1D left-handed unit cells of   
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Fig. 3.33. The 1D model with opened transverse stubs excited by two plane waves at both 
ends, where the arrows show the directions of the plane waves. 
 
 
Fig. 3.34. The 1D model without the transverse stubs excited by two plane waves at both 
ends, where the arrows show the directions of the plane waves. 
 
Figure 3.34 use the topology in Figure 3.4 (a). 
    Figure 3.35, Figure 3.36 and Figure 3.37 show the currents in the right-handed 
(No.9) and left-handed (No.10) unit cells of the TMM structure shown in Figure 3.32 
and the two different 1D models shown in Figure 3.33 and Figure 3.34, respectively. 
All the currents at 1 GHz are summarised in Table 3.9. It is apparent that, at least at 1 
GHz, the currents of the both unit cells in the 1D model shown in Figure 3.34 are 
much closer to those in the TMM structure, compared to the 1D model shown in 
Figure 3.33. Figure 3.38, Figure 3.39 and Figure 3.40 show the three nodes (a, b and c) 
voltages of the central right-handed unit cell (No.9) and the three nodes (c,  and a′) 
re 3.32 and 
the two different 1D and Figure 3.34, respectively. The  
 
b′
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models of Figure 3.33 
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. 3.36. Simulated currents in the 1D model of Fig. 3.33: (a) right-handed cell (No.9), and 
(b) left-handed cell (No.10). 
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. 3.37. Simulated currents in the 1D model of Fig. 3.34: (a) right-handed cell (No.9),
(b) left-handed cell (No.10). 
 
Right-handed unit cell (No.9) Left-handed unit cell (No.10) 
 
left  right up down left right up down 
TMM of 
Fig. 3.32 1.7e-5 5.3e-6 2.8e-6 2.5e-5 0.16 0.003 0.084 0.084 
1D model 
of Fig. 3.33 0.09 0.09 0.09 0.09 0.25 0.069 0.076 0.076 
1D model 
of Fig. 3.34 2.1e-6 2.1e-6 / / 0.16 0.17 / / 
 
Table 3.9. The currents of three different structures at 1 GHz. 
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Fig. 3.38. Simulated voltages in the TMM structure of Fig. 3.32: (a) right-handed cel
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Fig. 3.39. Simulated voltages in the D model of Fig. 3.33: (a) right-handed cell (No.9) at 
odes (c, b′, a′). 
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Fig. 3.40. Simulated voltages in the 1D model of Fig. 3.34: (a) right-handed cell (No.9) at 
three nodes (a, b, c), and (b) left-handed cell (No.10) at three nodes (c, b′, a′). 
 
 
 
 
44                                              CHAPTER 3 20-WAY POWER DIVIDER USING METAMATERIAL 
Voltages 
a b c 
 
Magnitude Phase Magnitude Phase Magnitude Phase 
TMM of 
Fig. 3.32 0.09 V -90.48° 0.09 V -90.48° 0.09 V -90.48° 
1D 
model of 
Fig. 3.33 
 
0.089 V 
 
-90.89° 
 
0.091 V 
 
-90.89° 
 
0.089 V 
 
-90.89° 
1D 
mo
Fig. 3.34 
      
9.98° del of 0.089 V -89.98° 0.089 V -89.98° 0.089 V -8
 
Table 3.10. The voltages in the central right-handed cells (No.9) of three different structures 
at 1 GHz. 
 
Voltages 
c b′ a′ 
 
Magnitude Phase Magnitude Phase Magnitude Phase 
TMM of 
Fig. 3.32 0.09 V -90.48° 0.092 V -90.48° 0.091 V -90.48° 
1D 
mo
Fig. 3.33 
      
0.89° del of 0.089 V -90.89° 0.092 V -90.89° 0.092 V -9
1D 
model of 
Fig. 3.34 
0.089 V -89.98° 0.091 V 89.98° 0.089 V -89.98° 
      
-
 
Table 3.11. T n th and 10)  dif res z. 
 
 
voltages of the both unit cells at 1 GHz are summarised in Table 3.10 and Table 3.11. 
We c ee  lea GH lta he b t ce e 1D 
model shown in Figure 3.34 are consistent with those in the TMM structure. 
In conclusion, according to the simulation results of the 17 by 7 and 5 b  
structures shown in Figure wit plane 
waves discussed in this section, at least at the design frequency of 1 GHz, the 1D line 
model without the transverse arms provides a good equivalent model for the 2D left-
he voltages i e left-h ed cells (No. of three ferent structu  at 1 GH
an also s  that, at st at 1 z, the vo ges of t oth uni lls in th
 1 y 5 TMM
 3.9 and Figure 3.11 and the simulations h four 
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handed and right-handed unit cells of the TMM structure which is non-hom
s are connected
ogeneous, 
where the left-handed unit cell  only to the right-handed unit cells and 
vice versa. Therefore, to design the 2D left-handed and right-handed unit cells, we can 
design their equivalent 1D unit cells firstly, and then use thes
cells.  
ESIGN OVERVIEW 
 by 5 TMM structure exhibits a 20-way equal power division but with the 
pling ph  two va es which iffer by φ at the centre 
nc er n th pha erip rts, ompensating 
anded transmission lines with two different electrical lengths can be connected 
to the output ports of the TMM structure as depicted in Figure 3.41. These two 
different length transmission lines are denoted as TL1 and TL2, respectively, and their 
characteristic impedances must be equal to the Bloch impedance of left-handed and 
output 
θ-φ in 
that the divider 
centre 
ied as 
same and each unit cell is square shaped. 
efore left-handed and right-handed unit cells are built, their 1D version unit cells are 
bove conditions. Therefore, the 2D unit cells can be 
esigned directly from their 1D version unit cells. Finally, because the transmission 
e results in the 2D unit 
 
3.3 D
 
The 5
cou
freque
right-h
ases alternated between lu  d 2
y. In ord to obtai e equal ses at p heral po  extra c
right-handed unit cells. Since the difference of coupling phases is 2φ at the 
ports of the TMM structure, the insertion phase should be -θ+φ in TL1 and -
TL2 at the centre frequency, where θ is a positive constant, so 
coupling phases are equal at the output ports of the 20-way power divider at the 
frequency.  
To design this 20-way power divider, some main conditions need to be satisf
follow: 
1. The insertion phases in the left-handed and right-handed unit cells are equal 
but with opposite sign; 
2. Each unit cell has the same Bloch impedance and is matched to each other; 
3. The physical sizes of the left-handed and right-handed unit cells are the 
B
designed firstly to achieve the a
d
line TL2 is longer than TL1, it must be meandered to ensure that the output ports are 
located on a straight line; thus the 20-way power divider is square-shaped. 
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Chapter 4 
DESIGN AND TEST OF 1D TEST UNIT CELLS 
 
 
 
In this chapter, we present the details about the 1D left-handed and right-handed unit 
cells. In section 4.1, we give the design processes of the 1D left-handed and right-
handed unit cells, and then the simulation results are shown in section 4.2. Finally, we 
fabr  4.3. 
 
4.1 DESIGN 1D UNIT CELLS 
 
To validate design methods and fabrication techniques, the 1D version left-handed 
and right-handed unit cells are built before the 2D unit cells are designed. In this 
section, we analyse the 1D left-handed unit cell firstly, and then present the design 
processes of the 1D left-handed and right-handed unit cells.  
 
4.1.1 ANALYSIS OF THE IDEAL L-C NETWORK 
 
Before analysing the 1D left-handed unit cell, we analyse an ideal L-C network in a 
high-pass topology structure. It can help us to choose the values of the inductor and 
capacitors in the 1D left-handed unit cell. This network is depicted in Figure 4.1.  
Its ABCD matrix is expressed as 
 
icate these unit cells and give the measurement results in section
0 0
0
1 1 0 11 1
2 21 1
0 1 0 1
A B
j C j
C D
j L
ω ω
ω
⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟= ⋅ ⋅⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠
C ,                      (4.1) 
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n ideal L-C network in a high-pass topology structure. 
and the
 
Fig. 4.1. A
 
 ABCD parameters are derived as 
2
0 0
11
2
A
L Cω= −                                                    (4.2a) 
 
2
0 0 0
1 11
4
B
j C L Cω ω
⎛ ⎞= −
 
⎜ ⎟⎝ ⎠
                                     (4.2b) 
0
1C
j Lω=                                                              (4.2c) 
 
2
0 0
11
2
D A
L Cω= − = .                                           (4.2d) 
 
e Bloch impedance of the network is given by [28]: Then th
 
0
2
0 0 0 04C C L Cω
11B
LBZ = = − ,                                     (4.3) 
 
where 0 02 fω π=  and 0f  is the design frequency. Its S-parameters, S11 and S21, are 
calculated using equations [28]: 
 
                                11  = S 0 0
0 0
A B Z CZ D
A B Z CZ+ + + D
       = 
+ − −  
0
2
0 0 0 0 0
0
2 2
0 0 0 0 0 0 0
1 1 11
4
1 1 1 12 1
4
Z
j C Z L C L
Z
L C j C Z L C L
ω ω
ω ω ω
⎡ ⎤⎛ ⎞− −⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦
⎡ ⎤⎛ ⎞− + − +⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦
,               (4.4) 
 
2C0
L0
2 0
Port 1 Port 2 
C
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0 0
2
A B Z CZ D+ + +                                   = 21S
0
2 2
0 0 0 0 0 0 0
2
1 1 1 12 1
4
Z
L C j C Z L C Lω ω ω
⎡ ⎤⎛ ⎞− + − +⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦
      = ,              (4.5) 
 
where 0Z  is the port reference impedance. To ensure that S  is equa11 l to zero at the 
 
design frequency, we have 
BZ Z= 0 ,                                                         (4.6) 
 
and then S21 at the design frequency can be reduced to  
 
2
0 0 0
21 2 2
0 0 0 0 0 0
2
(2 1) 4 1
L CS
L C j L C
ω
ω ω= − − − ,                                  (4.7) 
 
and the phase angle of S21 at the de
 
sign frequency is  
2
0 0 0
21 2
0 0 0 1L Cω
4 1
arctan
2
L C
S
ω −∠ = − .                                        (4.8) 
 
In general, the phase angle is very small ( 2 0 0 1L Cω ? , 21 1φ ? ), thus 21 21tanφ φ≈  and 
 
and (4.8) can be written approximately as 
21
0 0 0
1S
L Cω∠ ≈ .                                                (4.9) 
 
In this , t ot the 
dance and the phase angle of S21 versus L0 and 2C0, at 1 GHz, 
where the range of L0 is 0 to 80 nH and the range of 2C0 is 0 to 10 pF. These graphs 
Also, we have several choices of values of L0 and 2C0 to design the 1D left-handed 
unit cell, where L0 is from the values of 12 nH, 22 nH and 43 nH, and 2C0 is from 1 
pF, 2 pF, 4.7 pF and 10 pF. Then the Bloch impedance and the phase angle of S21 
from these twelve combinations at 1 GHz are calculated using (4.3) and (4.8), and 
plotted in Figure 4.2 and Figure 4.3, and summarised in Table 4.1 and Table 4.2. 
thesis he design frequency is 1 GHz, and we use (4.3) and (4.8) to pl
graphs of the Bloch impe
are shown in Figure 4.2 and Figure 4.3. 
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Fig. 4.2. The graph of the Bloch impedance versus L0 and 2C0 at 1 GHz. 
 
 
 
 
Fig. 4.3. The graph of the phase angle of S21 versus L0 and 2C0 at 1 GHz. 
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2C0 (pF) Z0 (Ω) 
1 2 4.7 10 
12 / 75.28 62.93 46.33 
22 136.64 125.17 90.64 64.39 
 
L0 (nH) 
43 246.31 191.49 130.96 91.36 
 
Table 4.1. The Bloch impedance from the twelve combinations at 1 GHz. 
 
 
2C0 (pF) Φ21 (deg) 
1 2 4.7 10 
12 / 93.18 56.57 37.92 
22 98.71 64.89 40.97 27.77 
 
L0 (nH) 
43 65.74 45.13 28.99 19.76 
 
t 1 GHz. 
 
 
4.1.2 ANALYSIS OF THE PRACT CAL 1D LEFT-HANDED UNIT CELL 
 
We now analyse the 1D left-handed unit cell as shown in Figure 4.4. Z01 and 
Table 4.2. The phase angle of S  from the twelve combinations a21
I
1φ  are 
characteristic impedance and phase shift of host transmission line, respectively. It is 
observed that the difference between the left-handed unit cells shown in Figure 4.4 
and Figure 3.4 is that the capacitors and transmission lines are exchanged their places. 
This change ensures that the left-handed unit cell can be fabricated in microstrip line, 
and it causes an insignificant effect provided the length of transmission line is much 
smaller than one wavelength. 
 
 
Fig. 4.4. The 1D left-handed unit cell. 
2C0Z01, 1φ  Z01, 1φ2C0
L0
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The ABCD matrix o twork is derived as 
 
f this ne
1 01 1sinφ ⎞⎟
0
001
co 11
sin 1c
0 1
jZ
A B
j
φ
ω φ
ω
⎛⎛ ⎞ ⎛⎜⎜ ⎟ ⎜= ⋅ ⋅⎜⎜ ⎟ ⎜⎜ ⎟ ⎜⎜⎝ ⎠ ⎝⎝ ⎠
 1j
Z
1
2j C
s
1osφ ⎟⎟
0⎞⎟
C D⎜ ⎟⎝ ⎠
⎛ ⎞
1
L
⎟⎟⎠
1 01 1
01
1
2 ,sin cos
j C
j
ωφ φ⋅ ⋅
01
co s 1
0 1
jZ
Z
⎛ ⎞ ⎛ ⎞⎜ ⎟ ⎜ ⎟sφ φin 1⎜ ⎟
⎝ ⎠⎝ ⎠
.10) 
 
and the ABCD param
 
⎜ ⎟⎜ ⎟⎜ ⎟
          (4
eters are  
2 201
1 12
0
1 1
01
1 11 in cos
2
ZA
L C0 0C Z 0L
cos s sinφ φ φω ω
⎛ ⎞ ⎛= − + +⎜ ⎟ ⎜⎝ ⎝
                        (4.11a) 
 
φ −ω
⎞⎟⎠ ⎠
2
1 01 12 2 2 2
0
12
1 1 11 cos 2 1 sin cos
4 2 4
B j Z
j L C L C C Z
1
0 0 0 0 0 01C
φ φ φω ω ω ω
⎛ ⎞ ⎛= − + − −⎜ ⎟ ⎜ ⎟⎝ ⎠
 
                                                                                     
⎞
⎝ ⎠
2
201
1
0 0
1 sinZj
L C
φω ω+ +⎜ ⎟⎝ ⎠     (4.11b) 
 
⎛ ⎞
2
1 1 1sin cos cos
01 0
2jC
Z j L
φ φ φ
ω= +                                                                                    (4.11c) 
 
2 201
1 1 1 12
0 0 0 01 0
1 1cos sin cos sin
2
Z
L C C Z L
φ φ φ φω ω ω
⎞ ⎛ ⎞+ + − =⎟ ⎜ ⎟⎠ ⎝ ⎠
.                (4.11d) 
calculated using (4.11b) and (4.11c) 
1D A
⎛= −⎜⎝
 
The Bloch impedance of the network is 
 
B
BZ
C
= .                                                  (4.12) 
 
And S-parameters, S11 and S21, are obtained using equations [28] 
 
0 0
11
0 0
A B Z CZ DS
A B Z CZ D
+ − −= + + +                                        (4.13) 
 
21
0 0
2S
A B Z CZ D
= + + + ,                                      (4.14) 
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where 0Z  is the port reference impedance. To ensure that S11 is zero at the design 
frequency, we also obtain  
 
0BZ Z= .                                                    (4.15) 
 
Then the phase angle of S21 is found from (4.14) 
 
2
2 20 01
1 12
0 0 0 0 0 0 0 0
01 0
12 2 2 2
0 0 0 0 01 01
21
2 201
1 1 1 12
0 0 0 01 0
1 1 1 11 cos sin
4
1 11 sin 2
2 4
arctan
1 12 1 cos 2
2
Z Z
C Z L C L Z L C
Z Z
Z L C C Z Z
S
Z
L C C Z L
φ φω ω ω ω ω
φω ω
sin cos 2sinφ φ φ φ⎞ −
. (4.16) 
ω ω ω
⎡ ⎤⎛ ⎞ ⎛ ⎞− + − +⎢ ⎥⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠⎣ ⎦
⎡ ⎤⎛ ⎞− − − +⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦∠ = ⎛ ⎞ ⎛− + +⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
 
 
T-HANDED AND RIGHT-HANDED 
UNIT CELLS 
 
To fabricate the uni es in 
left-handed and right-handed unit cells, and the inductor and capacitors of the left-
handed unit cell are surface mount components. The inductor is placed in a hole 
which is drilled through the substrate in the centre of microstrip line, and this method 
left-handed and 
right-handed unit cells realised by microstrip line, respectively. 
 
Fig. 4.5. Microstrip line 1D left-handed unit cell. 
2C0Z0L, εeffL Z0L, εeffL2C0
4.1.3 DESIGN PROCESSES OF THE 1D LEF
t cells, microstrip line is used to realise the transmission lin
has been validated in [7]. Figure 4.5 and Figure 4.6 show the 1D 
 
L0
WL, dL, 1φ  WL, dL, 1φ  
dc dc
dLH
2dL
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Z , ε
 
Fig. 4.6. Microstrip line 1D right-han
 
Z0L a ffective dielectric constant of 
microstrip line in the left-handed unit cell, and WL, dL and 
ded unit cell. 
nd εeffL denote the characteristic impedance and e
1φ  denote its width, length 
and phase shift, respectively. Similarly, Z0R, εeffR, WR and dR denote those parameters 
of microstrip line in the right-handed unit cell. A gap with length dc is used to 
accommodate the capacitor, hence the size of the left-handed unit cell is 
 
( )2LH c Ld d d= + ,                                            (4.17) 
 
and the length of microstrip line, dL, is  
 
2
2
LH c
L
d dd −= .                                             (4.18) 
 
To achieve the same size left-handed and right-handed cells: 
 
( )2 2R LH c Ld d d d= = + .                                      (4.19) 
 
e left-handed unit cell, ZIn th
 
0L is calculated using (4.3) 
0
0 2
11L
LZ = − ,                        
0 0 0 04C L Cω               (4.20) 
 
where 0 02 fω π=  and 0f  
the left-handed unit cell is a function of 
is the design frequency. In general, the Bloch impedance of 
dLH, and the phase of S21, , is an 
nonlinear function of dLH. However, if we use (4.20), we can see that the sensitivity 
between the Bloch impedance and dLH will be considerably reduced, an se of 
S21, , will be an approximate linear function of dLH.  
    Then WL and εeffL can be obtained using microstrip line design equations [28]. 
Therefore, the phase shift 
21LS∠
d the pha
21LS∠
1φ  is [28] 
0R effR, WR
2dR
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0 0
1 0
2 2
2
2LH c
effL L effL L effL
f f dk d d
c c
π πφ ε ε ε −⎛ ⎞= = = ⎜ ⎟⎝ ⎠
d .             (4.21) 
 
We can find the Bloch impedance of the left
S11 using (4.13) and S21 using (4.14). If (4.15) is satisfied, S11 becomes zero at the 
lls are 
-handed unit cell using (4.10) and (4.12), 
design frequency. Thus, to ensure that the left-handed and right-handed unit ce
matched to each other, we get  
 
0 0R BZ Z Z= = .                                               
Using (4.16), the phase of S
(4.22) 
 
21, 21LS∠ , can be calculated as a function of dLH.  
In the right-handed unit cell, Z0R is obt  are 
obtained using microstrip line design equations [28]. Hence, the insertion phase of 
[28] 
 
ained from (4.22), and WR and εeffR
microstrip line can be expressed 
0 0
21 0
2 22effR R effR LHd dc
2R effR R
f fS k d
c
π πε ε= − ,          ε∠ = − = − (4.23) 
 
Since  and are all functions of dLH, we use Matlab to plot the curves of 
 and  versus dLH using (4.16) and (4.23). The intersection point gives a 
ses of the left-handed and right-
handed unit cells are equal but with opposite sign. Finally, dL and dR are calculated 
using (4.18) and (4.19), respectively.   
    In the design the 1D left-handed and right-handed unit cells, we choose a Taconic 
TLY-5 substrate [29] with dielectric constant εr = 2.2 and dielectric height H = 1.575 
mm (62 m L0 welve 
ls are 
r. The 
sed in 
ab and (4.23) are plotted as shown in 
Figure 4.7. 
The intersection point gives that dLH = 7.128 mm, and .  
and it is also a function of dLH.  
21LS∠ 21RS∠  
21LS∠ 21RS−∠
value of dLH which ensures that the insertion pha
 and 2Cils). 0 are chosen 43 nH and 10 pF, respectively, from the t
combinations, because they ensure that the left-handed and right-handed unit cel
small and can be fabricated. dc is chosen 1 mm to accommodate the capacito
unit cells are designed to operate at 1 GHz. Using the design process discus
ove, 21LS∠  and 21RS−∠  versus dLH using (4.16) 
21 21 11.42L RS S∠ = −∠ = ?
 
 
 
56                                                          CHAPTER 4 DESIGN AND TEST OF 1D TEST UNIT CELLS 
 = 2.564 mm and 2dHence, dL R = 7.128 mm. Moreover, other parameters are 
calculated as: Z0L = 91.36 Ω, Z0R = ZB = 93.52 Ω, WL = 1.699 mm and WR = 1.618 mm. 
 
 
Fig. 4.7. Insertion phases of the left-handed and right-handed unit cells versus dLH. 
 
 
4.2 SIMULATION RESULTS 
 
AWR Mi e Off  used
handed unit  show
parame
final de
21LS∠  
21RS−∠  
crowav ice is  to simulate the circuits of the left-handed and right-
cells, n in Figure 4.5 and Figure 4.6, with above calculated 
ters, and doing a little tuning to optimise the simulation results, we obtain the 
sign parameters: W  = 1.668 mm, WL R = 1.586 mm, Z = 91.3 Ω, Z0L 0R = ZB = 
, d
B
93.5 Ω t-handed and right-handed unit cells is 
dLH = 2
    Figu
1D le
magnit
so they
these tw
right-handed unit cells are matched to each other, and operate as expected at 1 GHz. 
 = 2.55 mm, and the size of the lefL
dR = 7.1 mm.  
re 4.8 and Figure 4.9 show the simulated S11 magnitude and S21 phase for the 
ft-handed and right-handed unit cells, respectively. The simulated S21 
udes in both unit cells are almost 0 dB over the range from 0.6 GHz to 1.4 GHz, 
 are not shown in the figures. The S-parameter port reference impedance for 
o unit cells is 93.5 Ω. The simulation results show that the 1D left-handed and 
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The insertion phases of the left-handed and right-handed unit cells at 1 GHz are 11.4° 
and -11.4°, respectively.  
 
-60
-50
-40
-30
-20
-10
0
40
60
0.6 0.8 1 1.2 1.4
Frequency (GHz)
M
ag
ni
tu
de
 (d
B
)
-60
-40
-20
0
20
Ph
as
e 
(D
eg
)
|S 11|
S 21 Phase
 
Fig. 4.8. Simulated responses of the 1D left-handed unit cell. 
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Fig. 4.9. Simulated responses of the 1D right-handed unit cell. 
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The above analysis has not considered the parasitic effects of lumped inductor and 
capacitor. In practice, the capacitor has a parasitic series inductance, and the inductor 
has a parasitic shunt capacitance. Therefore, the capacitor has a series resonant 
frequency, FSR, and the inductor has a parallel resonant frequency, FPR. The 
equival
respectively. And the equivalent 1D left-handed unit cell with parasitic effects of 
lumped components is shown in Figure 4.12. 
 
 
Fig. 4.10. The equivalent model of capacitor. 
 
 
Fig. 4.11. The equivalent model of inductor. 
 
 
Fig. 4.12. The equivalent model for the 1D left-handed unit cell. 
 
We choose the ATC 600S Series capacitors [30] and ATC 0603 Series inductors 
[31] in design and fabrication. For the 600S 10 pF capacitor, we find that its series 
resonant frequency FSR = 4.1147 GHz, from Tech-SELECT Component Selection 
program (version 3.3.1) [32] which is provided by American Technical Ceramics 
(ATC) company. Using the equation 
2C0
ent models of capacitor and inductor are shown in Figure 4.10 and Figure 4.11, 
2C0Z0L, εeffL Z0L, εeffL
L0
WL, dL, 1φ  WL, dL, 1φ  
LS
CP
LS
L 
CP
L 
Ideal model Equivalent model
LSC C 
Ideal model Equivalent model
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0
12
2SR S
F
L C
π = ,                                            (4.24) 
 
we obtain LS = 0.15 nH. For the 0603 43 nH inductor, we obtain a parallel resonant 
frequency of FPR = 2 GHz, from Tech-SELECT Component Selection program 
(version 3.3.1) [32]. Using the equation  
 
0
12 PR
P
F
L C
π = ,                                             (4.25) 
 
we calculate CP = 0.15 pF.  
Figure 4.13 shows the simulation results of the 1D left-handed unit cell with 
parasitic effects shown in Figure 4.12. The simulated S21 magnitude is not shown due 
to its value is nearly 0 dB. The S-parameter port reference impedance is 93.5 Ω
simulation results revea
right-
 left-
to the 
i  at 1 
. The 
l that the insertion phase of the 1D left-handed unit cell 
becomes 8.3° at 1 GHz, and the insertion phases of the 1D left-handed and 
handed unit cells become equal but with opposite sign at 0.93 GHz. The 1D
handed unit cell also operates at 1 GHz with a wide bandwidth, and is matched 
1D right-handed unit cell. Therefore, the effect of parasitics is not s gnificant
GHz.  
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Fig. 4.13. Simulated responses of the equivalent 1D left-handed unit cell.  
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4.3 EXPERIMENTAL
 
4.3.1 FABRICATION OF THE TEST CIRCUIT 
 
To fabricate and test the 1D left-handed and right-handed unit cells, we choose the 
components discussed above and the SMA coaxial connectors [33].  
Figure 4.14 and Figure 4.15 show the physical layout of the left-handed and right-
handed unit cells with design parameters, respectively. A drill hole whose diameter is 
1.5 mm is located nit cell, and it 
 used to accommodate the inductor. The length of the left-handed unit cell is equal 
to
 
anded unit cell. 
 
 
The 
test fixture, so we build a 10 mm
(width is 1.586 mm
handed
connect to the SMA co
 RESULTS 
 in the centre of the microstrip line of the left-handed u
is
 the length of the right-handed unit cell, which are all 7.1 mm.  
 
Fig. 4.14. The physical layout of the left-h
 
Fig. 4.15. The physical layout of the right-handed unit cell. 
 
left-handed and right-handed unit cell are measured in a 50 Ω microstrip line 
 long microstrip interconnection line with 93.5 Ω 
) to match and connect to both sides of the left-handed and right-
 unit cells, and a 20 mm long 50 Ω microstrip feeding line (width is 4.8 mm) to 
nnector. Figure 4.16 shows the physical layout of this test 
7.1 mm
1.586 mm 
Z0R
2C02C0
L0
1 mm 1 mm5.1 mm
7.1 mm
The diameter of 
Z0L
1.668 mm 
hole is 1.5 mm 
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circuit. The total length of the test circuit is 67.1 mm. To determine the parasitic 
parameters of the SMA connector to microstrip line transitions, a 67.1 mm long 50 Ω 
microstrip test line (width is 4.8 mm) is fabricated in the same substrate with the test 
circuits of the left-handed and right-handed unit cells. Figure 4.17 displays the 
physical layout of the test circuit board, and Figure 4.18 shows a photograph of the 
fabricated test circuit board with SMA connectors. 
 
 
 
 
Fi . 
 
 
 
 
 
Fig. 4.17. The physical layout of the test circuit board.  
 
g. 4.16. The physical layout of the test circuit for left-/right-handed unit cell
4.8 mm 
20 mm 20 mm 
10 mm 10 mm 
7.1 mm
4.8 mm 1.586 mm 
1.586 mm 1D unit cell 
67.1 mm 
10 m
m
10 mm
29 mm 29 mm
110 mm
67.1 mm
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Fig. 4.18. The photo of the fabricated 1D test circuit board. 
 
 
4.3
We firs
connec
    Beca
SMA c
that we
test re  of the SMA connector 
connected to microstrip line. Figure 4.20 shows the equivalent circuit model of the 
SMA connector with the parasitic parameters of discontinuity between the SMA 
connector and microstrip line. L1, C1 and C2 are the parasitic inductance and 
capacitance of discontinuity, and Z0 and El are characteristic impedance and electrical 
length of the coaxial transmission line in the SMA connector, respectively, where Z0 
is 50 Ω. We simulate a circuit which comprises the 50 Ω microstrip test line and the 
.2 MEASUREMENT RESULTS 
 
All measurements were carried out on a HP8753D network analyzer, and we obtained 
three groups of measurement results: 1D test circuit of the left-handed unit cell, 1D 
test circuit of the right-handed unit cell and a 67.1 mm long 50 Ω microstrip test line. 
tly describe the processes of obtaining the parasitic parameters of the SMA 
tor to microstrip line transitions, and then describe the de-embedded results.  
use the measurement results include the effects of discontinuities between the 
onnector and microstrip line, we need determine these parasitic parameters so 
 can eliminate these effects from the measurement results and obtain the final 
sults. Figure 4.19 shows the cross section view
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SMA connectors using the equivalent circuit model, as shown in Figure 4.21. Using 
simulated results of this circuit and test results of the 50 Ω microstrip test line, we 
ensure that simulated |S11| is equal to (measured |S11| +measured |S22|)/2, and simulated 
|S21| is equal to measured |S21|, and simulated S21 phase is equal to measured S21 phase; 
therefore we can obtain the optimisation results of L1, C1, C2 and EL. Figure 4.22 
shows the optimisation results, and the optimised model values are: L1 = 0.46 nH, C1 
= 0.3 pF, | are not 
shown in the figure because they are approximately equal to 0 dB. 
 
 
Fig. 4.19. The cross section view of the SMA connector connected to microstrip line. 
 
Fig. 4.20. The equivalent circuit model of the SMA connector with parasitic parameters of 
discontinuity. 
 
    The model for measurement results of the 1D left-handed and right-handed test 
circuits includes 1D left-handed and right-handed unit cells, 93.5 Ω microstrip 
interconnection lines, 50 Ω microstrip feeding lines, and the SMA connectors with 
effects of discontinuities, as shown in Figure 4.23. Figure 4.24 shows the de-
embedding method to eliminate the effects of the SMA connectors, the discontinuities, 
the microstrip feeding and interconnection lines; thus, we obtain the de-embedded 
measurement results of the 1D left-handed and right-handed unit cells. In de-
embedding, -L1, -C1, -C2 and -El are used in the SMA connector part to remove the 
effects of the SMA connector and discontinuity. A microstrip line with 50 Ω and -20 
C2
Z0, El 
C1
C  = 0.03 pF, and El = 11.39°. The simulated and measured |S2 21
Refer neence Pla
Microstrip line
L1
The SMA connector 
with effect of 
 
discontinuity 
Microstrip 
line
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50 ohm microstrip test lineSMA connector SMA connector
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Fig. 4.21. The circuit model for the 50 Ω microstrip test line and the SMA connectors in 
Microwave Office. 
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Fig. 4.22. Optimisation results of the 50 Ω test line. 
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mm length is used to eliminate the effect of the 50 Ω microstrip feeding line. The 93.5 
Ω microstrip interconnection line is eliminated from the measurement results using a 
microstrip line with 93.5 Ω and -10 mm length. 
 
Measurement 
results 
 
Fig. 4.23. Circuit model of measurement results. 
 
 
 
Fig. 4.24. De-em edding method. 
measurement results display that the 1D left-handed and right-handed unit cells are 
matched to each other over a wide bandwidth, and operate at 1 GHz. It is observed 
b
 
Figure 4.25 and Figure 4.26 show the measured and simulated S11 magnitudes and 
S21 phases of the 1D left-handed and right-handed unit cells, respectively. The 
measured and simulated S21 magnitudes are not displayed because they are 
approximately equal to 0 dB over this range, and the simulated S11 magnitude for the 
right-handed unit cell is below -70 dB, so it is not shown in Figure 4.25. The S-
parameter port reference impedance for these two unit cells is 93.5 Ω. The 
-C2
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that th
corresp
sertion phases of the 1D left-handed and right-handed unit cells are 6.8° and -11.5°, 
spectively, at 1 GHz, and they are 8.3° and -11.4° in simulations. It is also clear that 
the measured insertion phases of the 1D left-handed and right-handed unit cells 
become equal but with opposite sign at 0.93 GHz, which is same as the result in 
simulations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
e measured S21 phases of the 1D left-handed and right-handed unit cells 
ond very closely to the simulated results. The measurements indicate that the 
in
re
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Fig. 4.25. Measured and simulated S-parameters of the 1D left-handed unit cell. 
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Fig. 4.26. Measured and simulated S-parameters of the 1D right-handed unit cell. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Chapter 5 
DESIGN AND TEST THE 20-WAY POWER DIVIDER 
 
 
 
In this chapter, we present the details about the 20-way power divider proposed in 
Chapter 3. In section 5.1, we describe the design details of the 20-way power divider 
and the simulation results. Then we discuss fabrication in section 5.2, and finally we 
give the experimental results in section 5.3. 
 
5.1 DESIGN AND SIMULATE THE 20-WAY POWER DIVIDER 
 
In chapter 4, the 1D left-handed and right-handed unit cells were designed and tested; 
therefore, the 2D left-handed and right-handed unit cells can be designed directly 
from the corresponding 1D unit cells. Figure 5.1 and Figure 5.2 show the circuit 
models for the 2D left-handed and right-handed unit cells, respectively. As calculated 
in chapter 4, we choose the Taconic TLY-5 substrate [29] with dielectric constant of  
 
 
 included the parasitic effects of the surface-mount components. 
L
Fig. 5.1. Microstrip line 2D left-handed unit cell 
L0CP
2C0 LS
2C0
S
2C0
LS
2C0
S
Z0L, WL, dL
Z0L, WL, dL
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Fig.5.2. Microstrip line 2D right-handed unit cell. 
 
2.2 and dielectric height of 1.575 mm (62 mil), and we obtain the parameters of 2D 
unit cells: WL = 1.668 mm, WR = 1.586 mm, dL = 2.55 mm, dR = 3.55 mm, Z0L = 91.3 
Ω, Z0R = 93.5 Ω, L0 = 43 nH with parasitic effect Cp = 0.15 pF, and 2C0 = 10 pF with 
parasitic effect LS = 0.15 nH. The length for accommodating the capacitor is 1 mm; 
thus, the size of the 2D left-handed unit cell is 7.1 mm x 7.1 mm, and it is the same as 
the size of the 2D right-handed unit cell. 
    Figure 5.3 shows the simulated frequency responses of S-parameters of a 5 by 5 
TMM structure using circuit models in Figure 5.1 and Figure 5.2. The reference 
impedance of the input port is 4.7 Ω, and those of the output ports are 93.5 Ω. The 
simulations include the parasitic effects of lumped components. The simulation 
results display that the difference between the coupling phases is either 0° or 11.4° at 
the design frequency, 1 GHz. To achieve the equal phases at peripheral ports, extra 
compensating microstrip lines with two different lengths should be connected to the 
output ports of the TMM structure as shown in Figure 3.41. The characteristic 
impedance of these two different length microstrip lines is equal to 93.5 Ω. As 
denoted in Figure 3.41, TL1 which is connected to the peripheral right-handed unit 
cell is chosen to be 7 mm, and TL2 which is connected to the peripheral left-handed 
unit cell is chosen to be 15.18 mm. These values ensure that the TL1 and TL2 are 
compact. In order that the output ports of the 20-way power divider are located on a 
straight line, TL2 must be meandered to ensure that the distance between its ports is 7 
mm which is equal to TL1. Moreover, the phase shift difference of these two 
microstrip lines is 11.4° at 1 GHz, when TL2 is curved.  
Figure 5.4 displays the simulated frequency responses of S-parameters of the 20-
way power divider. The reference impedance is 4.7 Ω at input port and 93.5 Ω at 
output ports. The simulations include the parasitic effects of lumped components, 
inductors and capacitors. The simulated S0,0 shows that good match is achieved at  
Z0R, WR, dR
Z0R, WR, dR
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Fig. 5.3. The simulated frequency responses of the 5 by 5 TMM structure. 
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Fig. 5.4. The simulated frequency responses of the 20-way power divider. 
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input port over a wide bandwidth, and the best match occurs at 1.07 GHz. Residual 
mismatch is mainly reason which causes the discrepancy from 1 GHz. The simulated 
S1,0, S2,0 and S3,0 reveal that the coupling phases from input port to output ports 
become equal at 0.97 GHz, and this means that equal magnitude and phase power 
division can be obt  effects of lumped 
components cause the deviation from the theoretical value of centre frequency, 1 GHz. 
wer divider. Isolations between ports 1 and 
ained at this frequency. The parasitic
Furthermore, the coupling magnitudes are -13.1 dB at 1 GHz, which is similar to the 
theoretical value of -13 dB, and over a range 0.9 GHz to 1.1 GHz, they are almost 
identical and flat, and the corresponding coupling phases differ less than 4°. Figure 
5.5 shows the simulated representative output port isolations. It is observed that all 
output port isolations are -26 dB at 0.97 GHz, and this value is consistent with the 
theoretical value of a lossless 20-way po
20, 5 and 6, 10 and 11, 15 and 16 are the same and hence only |S20,1| is shown in 
Figure 5.5, and other isolations vary in the same manner. Moreover, it can be seen 
that |S20,1| increases most rapidly away from the centre frequency.  
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Fig. 5.5. The simulated representative output port isolations. 
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5.2 FABRICATION OF THE TEST CIRCUIT 
 
To fabricate the 20-way power divider, we use the same components as in the 
experiment of the 1D unit cells. Figure 5.6 and Figure 5.7 show the physical layout of 
the 2D left-handed and right-handed unit cells with design parameters, respectively. 
In the 2D left-handed unit cell, the width of two cross microstrip lines is 1.668 mm, 
and the length of those is 5.1 mm, and their characteristic impedances, Z0L, are 91.3 Ω. 
A drill hole which is in the centre of the microstrip lines is used to accommodate the 
inductor, and its diameter is 1.5 mm. The distance with 1 mm is used to allow for the 
capacitor length. In the 2D right-handed unit cell, two cross microstrip lines have the 
width of 1.586 mm and the length of 7.1 mm, and their characteristic impedances, Z0R, 
are 93.5 Ω. Therefore, the sizes of the 2D left-handed and right-handed unit cells are 
the same, and they are 7.1 mm x 7.1 mm. 
    Figure 5.  lines, TL1 
nd TL2. These two microstrip lines have the width of 1.586 mm, and hence their 
haracteristic impedances are 93.5 Ω, which are matched to the peripheral left-handed 
and right-handed unit cells of the TMM structure. The length of microstrip line is 7 
mm for TL1, and 15.18 mm for TL2; however, TL2 is meandered so that the distance 
between its ports is also 7 mm.  
 
 
Fig. 5.6. The physical layout of the 2D left-handed unit cell. 
2C02C0
8 depicts the physical layouts of the compensating microstrip
a
c
L0
1 mm 1 mm5.1 mm
7.1 mm
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The diameter of 
hole is 1.5 mm Z0L
2C0
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7.1 mm
 
Fig. 5.7. The physical layout of the 2D right-handed unit cell. 
 
 
Fig. 5.8. The physical layouts of the compensating lines: (a) TL1, and (b) TL2. 
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Fig. 5.9. The physical layout of the 20-way power divider. 
 
Figure 5.9 show based upon the 
MM structure and compensation lines. The gaps between the left-handed unit cells 
nd right-handed unit cells, and between the left-handed unit cells and TL2 microstrip 
s the physical layout of the 20-way power divider 
T
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lines, accommodate the capacitors. The drill hole in the central right-handed unit cell 
 used to put the input probe feeding connector, and its diameter is 1.3 mm. Since 
has the width of 2.9 mm and the length of 
en two adjacent output ports is chosen to be 14 mm, 
nd the transformers which are connected to port 1 and port 2 are meandered to 
ensure that this distance is achieved. Moreover, to obtain that the output ports are 
located on a straight line, 50 Ω feeding lines with three different lengths are connected 
to the transformers. The width of the feeding lines is 4.8 mm, and the length is 15.738 
mm for port 1, and 12.88 mm for port 2, and 10.022 mm for port 3. 
The final full layout of the 20-way power divider test circuit is shown in Figure 
5.11. Figure 5.12 depicts a photograph of the fabricated 20-way power divider test 
circuit board with the SMA connectors at terminations. Figure 5.12 (b) shows the 
view of the fabricated square-shaped metamaterial power divider. The input port is 
probe-fed using an SMA connector which is fixed on the bottom of the PCB mounting 
board as shown in Figure 5.13. Because the input SMA connector is longer than the 
height of the mounting base, an extra block is used to fix it.  
 
is
TL2 microstrip lines are meandered, it is clear that the output ports are located on a 
straight line on each side; hence, the power divider is a square shape, and the size is 
49.5 mm x 49.5 mm. 
The divider test circuit is measured in a 50 Ω microstrip line test fixture, so quarter-
wave transformers are used to transform 50 Ω to 93.5 Ω to match the output ports of 
the divider at 1 GHz, and 50 Ω feeding lines are used to connect to transformers and 
the SMA connectors. Therefore, the output ports of the divider are matched 
terminations only at 1 GHz. 
Using the formula for a quarter-wave transformer [28], the characteristic 
impedance of the quarter-wave transformer is equal to 68.4 Ω, and using microstrip 
line design equations [28], the transformer 
55.228 mm. As shown in Figure 5.9, it is apparent that the distance between the two 
adjacent output ports is 7.1 mm, but it is not enough to locate the SMA connectors at 
terminations. Figure 5.10 shows the physical layouts of the transformers and 50 Ω 
feeding lines. Since the circuit is symmetrical, only three ports with the transformers 
and feeding lines are shown in Figure 5.10. In order to fix the SMA connectors at 
terminations, the distance betwe
a
 
 
 
76                                               CHAPTER 5 DESIGN AND TEST THE 20-WAY POWER DIVIDER 
 
15.738 mm
12.88 mm
10.022 mm
55.228 mm
14 mm
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Fig. 5.10. The physical layouts of the transformers and feeding lines. 
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Fig. 5.11. The physical layout of the 20-way power divider test circuit. 
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(a) 
 
 
 
(b) 
Fig. 5.12. The photo of the fabricated 20-way power divider: (a) overall view of the test 
circuit, and (b) close-up view of the 20-way metamaterial power divider. 
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Fig. 5.13. The cross section view of the input SMA connector part. 
 
 
 
5.3 EXPERIMENTAL RESULTS 
 
All measureme 362B PNA 
Network analyzer. When the circuit was m ured, two ports were tested at a time, 
which are the input port and one of the output ports; hence, we obtain 20 groups of 
measurement results. The model for each measurement result includes the input SMA 
connector with effect of discontinuity, the 20-way power divider, the quarter-wave 
transformer, the 50 Ω feeding line, and the output SMA connector with effect of 
discontinuity. Using the de-embedding method, which was discussed in chapter 4, we 
eliminate the output SMA connector with effect of discontinuity, the 50 Ω feeding 
lines, the quarter-wave transformers, and the input SMA connector; therefore, the de-
embedded measurement results of the 20-way power divider can be obtained. In de-
embedding, we ignore the effect of discontinuity between the input SMA connector 
and the microstrip lines, and it will be shown later that this effect is significant. 
Furthermore, there are three main sources of random error: tolerance of the lumped 
components, inductors and capacitors, and residual mismatch of the 50 Ω SMA 
connectors, and random measurement errors. 
    Figure 5.14 shows the structure of the input SMA connector [33]. According to the 
dimensions of the connector, the length between the reference planes is equal to 22.63 
mm, and it is also considered as the length of the coaxial transmission line in the 
connector. Because the filled material in the connector is Teflon, whose relative 
permittivity εr is 2.08, the wave length of the coaxial transmission line is obtained by 
nts were carried out on an Agilent Technologies E8
eas
Reference Plane 
Microstrip line
The centre conductor 
of connector 
PCB board
Mounting base
Extra block
Input SMA 
connector
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Fig. 5.14. The structure of the input SMA connector.  
 
0 300 208
2.08r
mmλλ ε= = = ,                                      (5.1) 
 
where λ0 is the wave length in the free space at 1 GHz. And the electrical length of the 
coaxial transmission line can be calculated by 
 
22.63360 360 39.17
208
dEL λ= × = × =
? ? ? ,                              (5.2) 
 
where d is the length of the coaxial transmission line, and the working frequency is 1 
GHz.  
Figure 5.15 displays the de-em ent results of the 
20-way power divider. The output MA connectors are the same type as those which 
ere used in Chapter 4, so they are considered to have the same model shown in 
Figure 4.20, and they have the same values of parameters which were determined in 
Chapter 4. The length of 50 Ω feeding line is -15.738 mm for the measurement results 
of port 1, 5, 6, 10, 11, 15, 16, 20, and -12.88 mm for port 2, 4, 7, 9, 12, 14, 17, 19, and    
-10.022 mm for port 3, 8, 13, 18. 
Figure 5.16 shows the de-embedded measurement results which include the 
average magnitude of the input reflection coefficient S0,0, and the magnitudes and 
phases of the couplings Sj,0, where j = 1…20. The reference impedance is 4.7 Ω for 
the input port, and 93.5 Ω for the output ports. Because there are twenty 2-port S-
parameter data sets, there are twenty traces for S0,0, and these traces are all consistent. 
Hence, the average measured magnitude of S0,0 is shown in Figure 5.16. The twenty 
couplings are also consistent, and the coupling magnitudes are around -14 dB at 1 
Reference Plane
Teflon  
εr = 2.08
1.8796 mm
9.525 mm
22.63 mm 
14.986 mm
bedding model for the measurem
S
w
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GHz. Furthermore, over the range from 0.95 GHz to 1.05 GHz, the coupling 
magnitudes are almost flat, and their differences are less than 1 dB, and the 
corresponding coupling phase differences are less than 10°. Because of the limitation 
of the measurement equipment, such as lack of the suitable termination at the input 
port, the divider output port isolations were not measured.  
 
 
Fig. 5.15. The de-embedding model for the 0-way power divider. 
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F 16. De-embedded measurement results (solid curves) of the 20-way power divider, 
simulation results (dashed curves) which include the effect of the probe feed 
discontinuity at the input port.  
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    Figures 5.16 also shows the simulation results which include the effect of the probe 
feed discontinuity of the central tile by the input SMA connector and are plotted using 
dashed lines. Figure 5.17 displays the electromagnetic structure for the central right-
handed unit cell of the 20-way power divider in simulation. Port 5 is a probe-fed port 
which is used to describe the effect of the discontinuity at the input port of the power 
divider. Because of the limitation of the electromagnetic simulator, a square shaped 
probe f hown in Figure 5.17. 
These simulation results indicate the differences between the simulation results in 
Figure 5.16 and the simulation results in Figure 5.4 which did not include the effect of 
l tile. It is clear that this effect of the 
discontinuity at the input port causes a significant effect on the S0,0 response and the 
 cells. 
der. 
eed, not a circular shaped, was used in simulation as s
the probe feed discontinuity of the centra
divider coupling phases. Figure 5.18 shows another simulation of the 20-way power 
divider which includes the effect of the microstrip cross in the right-handed unit
It can be seen that this effect presents a resonance in the coupling responses at around 
1.05 GHz, and this phenomenon can be also seen in the measurement results. 
 
 
2
1 3 5
 
Fig. 5.17. The electromagnetic structure for the central right-handed cell of the power divi
 
4
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g. 5.18. The simulated frequency responses of the 20-waFi y power divider which includes 
the effect of the microstrip cross in the right-handed unit cells. 
 
Normalised divider couplings can eliminate common artifacts and measurement 
uncerta
bandwidth where in-phase power division can be achieved. Since the fabricated 
circuit is 
 
inties, and normalised corresponding coupling phases can help us to check the 
symmetrical, three average de-embedded divider couplings are expressed as 
1,0 5,0 6,0 10,0 11,0 15,0 16,0 20,0
1,0 8ave
S S S S S S S S
S
+ + + + + + += ,                  (5.3) 
 
2,0 4,0 7,0 9,0 12,0 14,0 17,0 19,0
2,0 8ave
S S S S S S S S
S
+ + + + + + += ,                  (5.4) 
 
3,0 8,0 13,0 18,0
3,0 4ave
S
S S S S+ + +
Then th
 
= .                                     (5.5) 
 
e overall average de-embedded divider coupling is written as  
aveC  = 
1,0 2,0 3,08 8 4ave ave aveS S S
20
+ +
 
= 1,0 2,0 3,00.4 0.4 0.2ave ave aveS S S+ + .                          (5.6) 
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And the normalised de-embedded divider couplings can be calculated as 
 
1,0 1,0nor ave aveS S C= ,                                            
 
 (5.7) 
2,0 2,0nor ave aveS S C= ,                                          
 
  (5.8) 
3,0 3,0nor ave avS S C e= .                                            (5.9) 
 
Moreover, the normalised simulated divider couplings are also calculated in the same 
way as above. Figure 5.19 (a) and (b) show the normalised measured coupling phases 
and the normalised simulated coupling phases, respectively. It is observed that there is 
a resonance in the coupling responses at around 1.05 GHz in measurements shown in 
Figure 5.19 (a). Except for the resonance at 1.05 GHz, the differences between the 
normalised measured coupling phases are less than 10° over the range from 0.9 GHz 
to 1.1 GHz, and this is favourable compared to the simulation results where the 
differences between the normalised simulated coupling phases are less than 4° over 
the same range. Furthermore, except for the resonance at 1.05 GHz, the measured and 
simulated normalised coupling phases differ less than 5° over this sam
 
 
 
 
 
 
 
 
 
 
 
 
 
e range.  
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(b) 
Fig. 5.19. Normalised divider coupling phases: (a) measured, and (b) simulated. 
 
 
  
 
 
Chapter 6 
CONCLUSION 
 
 
 
6.1 RESEARCH SUMMARY 
 
 
In this thesis, we proposed a novel square-shaped N-way metamaterial po er divider. 
n microstrip 
line. In ch nded transmission line.  
This N-way power divider is based on the tessellated metamaterial (TMM) 
in a 
two-
MM 
 phase, 
across the TMM structure is nearly constant, so that the TMM structure exhibits the 
infinite wavelength phenomenon in two-dimensions. For comparison, in chapter 3 we 
also simulated a 17 by 17 mosaic structure comprised of entire right-handed unit cells, 
and the simulation results display that the voltage mag  vary 
significantly across the mosaic structure.  
In chapter 3, we have also simulated the 20-way metamaterial power divider based 
on the 5 by 5 TMM structure, and for compariso  based 
upon the 5 by 5 mosaic structure comprised of only right-handed unit cells. The 
ower divider.  
To design the left-handed and right-handed unit cells in the TMM structure, in 
chapter 3 we have simu d a 25 by 17 TMM structure which can be considered as a 
large TMM structure, and also simulated a 17 by 17 TMM structure with four plane 
w
It comprises left-handed and right-handed unit cells and is implemented i
apter 2, we have given a brief overview of the left-ha
structure, where the left-handed and right-handed unit cells are located 
checkerboard tessellation, and the infinite wavelength phenomenon in 
dimensions. To study the TMM structure, in chapter 3 we simulated a 17 by 17 T
structure. The simulation results show that the voltage, both magnitude and
nitude and phase
n, the power divider which is
simulation results demonstrate the advantage of the proposed p
late
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waves excited at each edge of the structure, and then we found t
handed  left-
handed and right-handed unit cells, we only need to design their equivalent 1D unit 
cells, and then these design results can be used in the 2D left
unit cells directly.  
In chapter 4, we have given the design method of the 1
handed unit cells. Then we fabricated the designed 1D left-handed and right-handed 
unit cells in microstrip line and tested them. The experim
design method and fabrication techniques.  
In c
metama
handed
tessella
validate
In su
of 4, is
the cen
are loca
with am
 
6.2 FURTHER RESEARCH 
 
During the course of this thesis research, several issues were raised and could not be 
completed. For example, the effect of the probe feed discontinuity at the input port, 
which causes a significant effect of the S-parameter responses of the divider, needs to 
be ascertained and considered in the design model. Also, the input impedance of the 
divider is very low and this needs additional impedance transformers, such as the 
stepped coaxial impedance transformers, at the input port of the divider. Furthermore, 
the effect of the microstrip cross in the right-handed unit cell presents a resonance in 
the coupling responses in the bandwidth, so this effect needs to be considered and 
further research needs to be explored to eliminate this resonance in the bandwidth. 
Similarly, in the left-handed unit cell, due to the presence of the surface mount 
he equivalent 1D left-
 and right-handed models of the 2D unit cells. Therefore, to design the 2D
-handed and right-handed 
D left-handed and right-
ental results validate the 
hapter 5, we have designed, fabricated and tested a square-shaped 20-way 
terial power divider. The divider operates at 1 GHz and comprises 12 left-
 unit cells and 13 right-handed unit cells which are placed in a checkerboard 
tion. The size of the divider is 49.5 mm by 49.5 mm. The test results also 
 the design method.  
mmary, the proposed N-way power divider, where N is an odd integer multiple 
 square-shaped, and gives an equal-amplitude equal-phase power division from 
tral port to the output ports, where the output ports have four groups and they 
ted on a straight line in each group. Therefore, it allows convenient integration 
plifier modules in a parallel combined power amplifier.  
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inductor in the central hole, it introduces a new discontinuity, and the effect of this 
discontinuity needs to be determined and considered in the design model. 
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